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PREFACE TO THE SECOND EDITION 


During the six years since the appearance of the first edition, 
there has been intensive activity in the field of the electronic 
circuit, particularly with regard to counting and switching, and 
circuits for closed-cycle or regulating systems. Some of these 
circuits have been of a basic nature, and it has been felt worth 
while to include them in the text. This has required a slight 
rearrangement of the text in order that the continuity shall 
be more logical. 

The new ASA graphical symbols for inductance and capacity 
have been adopted, and a list of questions has been placed at the end 
of each chapter for use in review when the book is used as a class¬ 
room text. The reference lists have been revised and enlarged. 

New equipment circuits, including some in the instrumentation 
field, have been added to bring this section more up to date. 

Perhaps the most important addition has been a new section on 
closed-cycle control, or regulating systems. Recent work in the 
Bell Laboratories, the M.I.T. Servomechanism Laboratory, and 
elsewhere has brought the understanding of regulating and hunting 
actions from the realm of the graduate mathematician to that of 
the practicing electronic engineer. 

Electronics are expanding rapidly in this field owing to the ease 
with which amplification can be obtained over a broad frequency 
range and to the facility with which correcting networks can be 
added and adjusted in electron circuits. The industrial electronic 
worker will often be called upon to service such equipment and, 
perhaps, to suggest means for improving a system giving unsatis- 
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factory performance. For these reasons, in this new section the 
author has attempted to present a basic knowledge of regulating- 
system action in a manner that will make it most easily under¬ 
stood to the student of industrial electronics. 

W. D. CO(,'KRELL 

Schenectady, N. Y. 

January, 19.% 



PREFACE TO THE FIRST EDITION 

The increasing use of electronic devices in industry has made an 
extra demand on the industrial engineers who must sell, install, 
and service them. It is especially for these men, electrical 
engineers with no previous tube experience, that this book is 
written. Another group who may benefit by this approach to 
the subject are radio servicemen, recently drawn into industrial 
electronic service work, who wish to add to their knowledge of 
industrial-tube applications. 

Many excellent books have been written on the theory and 
construction of electron tubes and the use of tubes in high- 
frequency communication circuits. There are others on the 
industrial applications of electronics, but these have stressed 
application problems rather than electron circuits. In this book 
no attempt will be made to explain specific applications. Such 
an explanation would usually include a description of many 
mechanical and optical devices as well as much material on 
magnetic control. Also, the same electron circuit might be 
used repeatedly to illustrate different applications. 

The application of electronic control is expanding so rapidly 
that it is impossible to attempt to cover all devices and circuits. 
Hence, it has seemed desirable to emphasize basic circuits that 
may be combined to form an endless variety of complete circuits. 

Similarly, this text has been limited to electron circuits. 
Magnetic control, optics, and mechanical engineering, though a 
knowledge of these subjects is required for successful application 
engineering, are of too broad and varied a nature to be included 
here. 

The functions of the various tubes as integral parts of circuits 
are stressed rather than the phenomena taking place within the 
tubes themselves. Industrial symbols for electronic and elec- 
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trical devices are used throughout so that they will be familiar 
when found on wiring diagrams. E^xplanations are brief, and 
mathematical formulas of interest only to designers are avoided. 
The more common circuit components and elementary circuits 
are described separately and then combined to assist the reader 
to analyze a complicated circuit. 

Most of the material presented here is not new. The aim has 
been to arrange the essential material in as compact and logical 
a form as possible, to avoid excessive duplication of circuit detail, 
and to omit those items and applications which are of only casual 
interest to the industrial user. If the reader desires a more de¬ 
tailed account of a given subject, the references provide a wide 
source of information. 

Acknowledgment is made here to those many authors who.se 
writings have formed the background for this text. Many of the 
circuits described are patented and should not bo u.sed without 
permission, although this is usually the concern of the designer 
rather than of the service engineer. 

Specific and grateful acknowledgment is made to the following 
men for their generous contribution of time and material, com¬ 
ment and criticism, in the preparation of this work: 

E. H. Alexander, Industrial Engineering Divi.sion; H. L. 
Palmer, Industrial Control Divi.sion; 0. W. Livingston, Indus¬ 
trial Control Division; A. E. Bailey, Jr., Industrial Division; 
W. C. White and E. D. McArthur, Electronic Department; and 
I. H. Marshman, Patent Department, all of the General Electric 
Company at Schenectady, N. Y. Also, E. H. Vedder of the 
Westinghouse Electric & Manufacturing Co.; F. P. Kent of the 
United Cinephone Corp.; L. L. Womer of the Worner Products 
Corp.; S. C. Lawrence of the Electronic Control Corporation; 
and R. S. Bumap of the Radio Corporation of America. 

To these and to the many others who have assisted in the 
various phases of the work, the author expres.ses his sincere 
appreciation. 


ScHBNECrrADY, N. Y. 
February^ 1944 


W. D. CO(’KRKLL 
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INTRODUCTION 


When anyone not familiar with electronic control first encoun¬ 
ters vacuum-tube or thyratron symbols on wiring diagrams or 
attempts to analyze the strange-looking components on the back 
of a typical electronic panel, it is small wonder that he becomes 
somewhat confused and is inclined to feel that electronic control 
is something far beyond the grasp of the average serviceman, 
electrical engineer, or electrician. 

On better acquaintance, however, this strangeness begins to 
disappear. Yes, those ceramic tubes are resistors, although 
somewhat smaller in size than those he has been used to. The 
varicolored bakelite rods are also resistors, dissipating a watt or 
so but having a resistance of perhaps a number of megohms. The 
colors constitute a simple and efficient color code of resistance 
value and tolerance. The small wax-filled cardboard and metal 
cans are capacitors (or, as we used to call them, ‘‘condensers'^ 
similar to those now in common use for spark and radio inter¬ 
ference protection, for motor starting and phase splitting, and 
for power-factor correction. Sometimes the smallest capacitors 
appear as bakelite blocks coded by colored dots or bands, as are 
the resistors. 

Transformers and reactors appear in their old familiar roles 
and should cause no confusion. Sometimes a reactor and a 
capacitor are combined to produce a resonant element to present 
maximum or minimum impedance, or a reactance and a resist¬ 
ance may be combined to produce a phase shift, but both these 
phenomena are standard a-c engineering and not peculiar to 
electronic control. 

Electron Tubes, Tho.se essential and so often misunderstood 
elements, the electron tubes themselves, are fundamentally among 
the simplest of electrical devices. This statement is worth re- 
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peatmg for emphasis. The electron tube is one of the simplest of 
electric devices. It ranks with the transformer and polyphase 
squirrel-cage induction motor in simplicity of construction and 
operation. It is infinitely less complicated than the d-c com¬ 
pound-wound motor or the gasoline engine. This does not mean 
that, having learned the simple fundamentals of tube operation, 
one can design efficient and reliable tubes any more than one can 
design good transformers or motors with only the same degree 
of basic knowledge. However, this should not prevent anyoLv" 
from understanding and servicing electronic equipment as effec¬ 
tively as he would transformer or motor equipment. The tubes 
themselves usually cannot be repaired in the field, but one can 
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Fig. O.l. A pliotron tube and an (‘(luivalent circuit. 


be replaced by a spare about as easily as a fuse. Therefore, in 
this book, little time is spent discussing the details of the internal 
construction of the tubes. Rather, the effect on the tube output 
of the change of the input .signal will be stressed. 

There are two principal reasons for the use of electron tubes. 
The current is controlled without noise and without moving or 
wearing parts, and this control is rapid, infinitely more rapid than 
is possible with any moving mechanical device. Also, the power 
amplification, or the ratio between the control power and the 
power controlled, is enormous. It is the effect of this very potent 
switching and regulating means on the rest of the electrical com¬ 
ponents that permits the almost limitless possibilities of electronic 
control and at the same time demands a thorough study and 
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sometimes a new insight into, not the tubes, but the resistance, 
capacitance, inductance, and motors in the otherwise standard 
electric circuits used with the tubes. 

Electromagnetic Analogies. Better to appreciate the sim¬ 
plicity of tubes, examine Figs. 0.1 and 0.2. Figure 0.1 shows a 
rheostat and a rectifier in series, with a voltmeter element con¬ 
trolling the rheostat. (The rectifier may be described as a one¬ 
way electrical valve.) If we assume that the rheostat slider is 
frictionless and can be moved at any desired speed, we may use 
these devices to duplicate the action in any circuit of the high- 
vacuum triode or pliotron. If there is more than one control 
element, other rheostats may be added in series to copy that high- 
vacuum-tube\s action more exactly. 
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Fig. 0.2. ihyratron and an equivalent circuit. 


Figure 0.2 shows a rectifier, in series with a battery of 12 to 20 
volts whose potential opposes the current through the rectifier, 
and a latch-in series relay which, when closed by the voltmeter 
action, will remain energized until the current ceases to flow 
through the rectifier. If we assume the relay armature to be 
frictionless and inertialess and capable of operation at any desired 
speed, this circuit can duplicate the action of any thyratron^ 
anywhere. 

If the reader feels that these simple analogies do not give a 
true picture, let him try these substitutions in any circuit de¬ 
scribed in this book, or elsewhere, and discover for himself the 
truth of the above statements. 







Section 1 

ELECTRON TUBES 




CHAPTER I 


THE VACUUM RECTIFIER 

The electron tube as used in the ordinary industrial control cir¬ 
cuit is a simple device, and its functions can be simply described. 
Tubes actually in use will be found to correspond to such a 
description fairly accurately and consistently. Only in extreme 
cases do we approach the limit of capabilities of the electron tube 
itself. The commercial power frequencies of 25 and 60 cycles 
and even the audio frequencies up to 10,000 cycles are so much 
lower than the u.sual radio frequencies for which vacuum tubes 
were developed that many problems of internal tube capacity 
and electronic transit time which worry the radio-equipment 
designer need not concern the industrial electronic engineer. 

We will discuss the two principal types of tubes used for control 
—the high-vacuum tube and the gas-filled tube. The phototube 
is a special form of tube that may be of either the high-vacuum 
or the ga.s-filled type. 

The constant-current tubes (ballast tubes) and constant- 
voltage tubes, which may be simulated by rheostats and batteries, 
respectively, are mentioned briefly later. 

The Electron Tube Is a Rectifier. The first important char¬ 
acteristic of the electron tube as we know it today is that it is a 
rectifier. Electrons are permitted to flow through it in but one 
direction. There may be only two elements within the tube, the 
cathode and the anode, by which the electrons enter and leave the 
tube, or there may be one or more extra elements used to control 
the electron stream. The English have a name for tubes that is, 
perhaps, more descriptive than ours. They call them “valves.” 

Here, at the beginning, must be made clear the difference 
existing between the direction of conventional current flow and 
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the direction of electron flow. Many years ago, as a matter of 
convenience, it was stated that current was assumed to flow from 
a positive to a more negative potential. Now we know that 
those ultimate particles of matter, the electrons, which compose 
our current are always attracted to and flow toward the more 
positively charged potential. In this book it will always he 
assumed that it is the electron flow from negative to positive 
within the tube that is being considered. 




Thermionic Tubes. The electron tube as we know it is 
inherently a rectifier, or a one-way valve for electricity. In its 
simplest form it consists of two elements: a cathode^ or electrode 
from which electrons can be easily removed, usually by making 
its surface red-hot; and an anode, or plate, to receive those ekr- 
trons. The anode, unlike the cathode, is specially constructed 1 
so that electrons cannot be easily detached. The electrodes are 
enclosed in a container which has been evacuated to as high a 
vacuum as possible or which, in some special types of tube, con¬ 
tains special gases or vapor at a very low pressure. The high 
vacuum permits the electrons to flow from cathode to anode 
with the least interference (Fig. 1.1). 
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If the electron tul)e i.s to function as a simple rectifier, only the 
above two electrodes are needed. However, it is often found 
useful to control the flow of electrons between cathode and 
anode; so other electrodes, usually in the form of metal shields 
with holes or wire ^'grids,^^ are placed between the cathode and 
anode to control or throttle the flow. 

The fundam(‘ntal law of electronic attraction may be stated 
as follows: 

An electron^ if free to move^ ivill always tend to move toward a 
point hdvitKj (I more positive potential. 



1 

o 

--j 


/ 

Diode I 
\ 
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K 



Con venfionaI 
current f/ow 
said to be in 
this direction 


We hnoy^ electrons 
f/ow in this 
direction 


Fig. 1.2. A circuit to illu.strute conventioiiiil current flow compared 

witli cU’ctron flow. 


In our electron tube this means that if the anode is made more 
positive than the cathode, for example, by connecting the nega¬ 
tive terminal of a battery to the cathode and the positive terminal 
to the anode, the electrons available at the cathode will be at¬ 
tracted to the anode and a flow of electrons will be set up from 
cathode to anode to the positive end of the battery, through the 
battery, and returning at the negative end to the cathode to 
complete the circuit. This fact should be emphasized: the flow 
of electrons is from the negative terminal of the battery through 
the external circuit (the tube) to the positive battery terminal 
(Fig. 1.2). It will be noted that this is opposite to the unfortunate 
conventional concept of the electric current flowing from the 
positive battery potential to the negative in the load circuit. The 
electron flow in the tube is always from negative to positive. If 
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the positive terminal of the battery were connected to one of the 
control elements, or grids, the electron flow from cathode to grid 
would take place in the same manner. 

If the battery connections are now reversed so that the posi¬ 
tive terminal is connected to the cathode and the negative to the 
anode, the loosely bound electrons of the cathode are no longer 
attracted to the now negative anode and no electron flow occurs 
(Fig. 1.3). (It is true there are electrons inside the metal of the 
anode, but they are bound there and are therefore not free to 
move across the space to the positive cathode. Hence, no current 

flows in either direction.) The elec¬ 
trons can flow from the cathode to 
any other element in the tube that is 
more positive, but normally no re¬ 
verse electron flow can take place no 
matter what the potential of the cath¬ 
ode with respect to the other elements. 

The Cathode. It has been stated 
that the cathode is specially designed 
to have the unique f)roperty of hav¬ 
ing electrons so loosely bound that 
they may be drawn out of the cathode 
across the space to a positive anode. 
A more detailed study will indicate 
It is well known that, as most sub¬ 
stances are heated, their internal structure becomes less tightly 
bound. As the temperature increases, solids become liquid and 
liquids become gases. Somewhat similarly, it may be shown 
that the free electrons in the cathode material become more 
active as the temperature is increased, until finally, when the 
temperature is high enough, they ‘‘emit” into the adjacent vacuum 
space. This makes them available as carriers of negative current 
to the anode. 

Heat may be obtained by making the cathode itself of some 
high-resistance material such as tungsten and passing an electric 
current directly through it, or the cathode may be built in the 
form of an electric stove with an electric-heater coil inside to 






Diode j 
rectifier y 




Fig. 1.3. The battery iti Fig. 
1.2 has been n'versed. Th(‘re 
can Ixj no current or electron 
flow in this circuit. 


how this is accomplished. 
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heat it to the proper temperature. These heaters are energized 
by either a battery or a low-voltage coil from an a-c transformer. 
If the cathode is in the form of a lamp filament and is heated by 
passing current directly through it, it is called a “directly heated 



Fig. 1.4. Directly (a) and indirectly {b) heated cathodes. 

cathode^^ or “filament” (Fig. 1.4a). If a separate heater is used, 
the term employed is “indirectly heated cathode” (Fig. 1.46). In 
the indirectly heated type the heater may be insulated from the 
catliode so that it is possible to operate a number of heaters from 
a single power source even though the cathodes are at different 
potentials. However, since the insulation is at high temperature, 
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its insulating value is considerably less than when cold, and this 
must be taken into consideration in circuit design. Also, since 
the heating current does not flow through the indirectly heated 
cathode, all parts of it are at the same potential. This is very 
desirable in some applications. 

On the other hand, for some uses the directly heated filament 
type of cathode permits the most efficient use of heating power 
where this must be conserved, as in battery-operated sc'ts, and 
where quick heating and maximum emission are desired, as in 
the case of small rectifiers. 

Cathode Materials. Various materials are used for cathodes. 
The first used was the pure tungsten filament as in the incandes¬ 
cent lamp. This material is still considered the best for high-power 
high-voltage vacuum transmitting tubes, but the efficiency as 
expressed in amperes of emission per watt of heater power is low. 

It was next found that by impregnating the tungsten with the 
rare metal thorium the ihorialat-Uingstcn filament Ix'camc a much 
more efficient emitter. Whereas for best efficiency the pure 
tungsten requires heating to an incandescence^ approaediing that 
of a light bulb, the thoriated filament will produce better emission 
at a bright red heat. Cathodes using thoriated tungsten are 
employed for medium-power transmission tubes. The aedion of 
the thorium in the tungsten is .somewhat complicated and requires 
that the cathode be always operated at full cathode voltage rating 
to prevent loss of emission, or ^\starving,^’ of the cathode. A 
thoriated-tungsten filament that is low emitting can often be 
rejuvenated by operation at increased filament voltage for a short 
time, with anode voltage removed, before using. 

By far the greatest number of cathodes, however, in low-voltage 
tubes such as receiver tubes, thyratrons, and phanotrons, are 
coated cathodes. These are composed of a base of nickel or 
similar metal, heated either directly or indirectly to a dull red 
heat. The base is coated with a paste composed usually of mix¬ 
tures of barium or strontium salts. The coating is an extremely 
efficient emitter. Because of its efficiency, its ability to liberate 
the greatest number of amperes of electrons per watt of heater 
energy, this type of cathode is found in most of the industrial 
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tubes with which we shall deal. Its greatest defect is the insecure 
bond between coating and base. Continued operation of the 
tube or the expansion and contraction due to the heating and 
cooling of the cathode eventually weaken the bond and permit 
the active material to flake off until what is left on the cathode 
is insufficient to furnish the required flow of electrons. If the 
active material is not lost, the tube will eventually fail owing to 
the gradual evaporation of the active material. Also, in tubes 
containing gas molecules, the positively charged molecules (posi¬ 
tive ions), which are attracted to the negative cathode just as 
the electrons arc attracted to the positive anode, may under 
abnormal conditions strike, or bombard, the coating hard enough 
to blast loose the material. Since the greater the voltage between 
anod(i and cathode, the greater the velocity that the ions may 
attain, it becomes evident why, since all tubes contain slight 
tra(‘es of gas, pure tungsten can be employed for those vacuum 
transmitting tubes used for the highest voltages, and coated 
cathodes are used only for those tubes having an anode potential 
of but a few hundred volts at most. They may be used for 
gas-filled tubes such as thyratrons and phanotrons because during 
the conduction period the anode-cathode potential is reduced to 
only a few volts. (The reason for this is explained later, page 22.) 

Phototube Cathodes. It has long been realized that many sub¬ 
stances will emit electrons when light strikes them. In most 
cases this emission can be detected only by the most sensitive 
laboratory instruments. But in the past few years, materials and 
methods of processing them have been discovered which produce 
such efficient emitters in the presence of light that, with the help 
of other electron tubes to amplify the still very minute output, 
they have made possible the development of practical light- 
operated relays. 

The usual light-sensitive cathode consists of a silver base, 
shaped to receive the light, on which is evaporated a very thin 
layer of the sensitive material. The active material used depends 
on the particular wave lengths of radiation at which best recep¬ 
tion is desired. Cesium oxide is most sensitive to the infrared just 
beyond the visible spectrum, but its sensitivity continues through- 
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out the visible spectrum. Thus it has proved valuable for use 
with incandescent light, which is strong in the infrared and red 
rays. Cesium oxide and antimony with proper processing have 
great sensitivity to blue and near ultraviolet light. Pure potas¬ 
sium and sodium are sensitive to ultraviolet light but are not 
nearly so efficient as the cathode materials mentioned above. 

In order to take advantage of these light-sensitive cathodes, 
it is necessary, of course, to enclose them in an evacuated glass 
envelope and to provide a positive anode to collect the emitted 
electrons (see Fig. 1.5). For gas in phototubes see page 33. 

Mercury-pool Cathodes. A unique 
kind of cathode is the mercury pool 
used in the ignition type of tube. The 
mercury pool, as we might expect, is 
normally not a good emitter. How¬ 
ever, once a flow of electrons has been 
started and the arc is established in 
the atmosphere . of mercury vapor 
above the pool, the heavy positive ions 
formed of mercury molecules drift to 
the mercury surface, drawing out the 
electrons at the surface, just as if we 
had an extremely small spark gap, and 
thus freeing electrons to flow to the 
anode. Since each ionized mercury 
atom creates a positive ion for further 
action, it is clear that the emission 
possible from the pool is almost limit¬ 
less. After the flow has ceased, the 
mercury may recombine and condense to its original liquid form, 
unaffected by its temporary change of state. This type of 
cathode is thus quite suitable for the emission of the very 
large currents required for resistance welding. 

The Anode. The anode, or ‘‘plate,'' as it is often called by 
radiomen, is that electrode which is designed to receive the elec¬ 
trons emitted by the cathode. Since any conducting material 
will make a fair anode, its construction is much simpler than 





Fig. 1.5. The phototube. 
There are many sizes and 
shapes available. 
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that of the cathode, but to obtain the greatest over-alJ efficiency 
a number of factors must be considered in its design. In the 
first place, the electrons moving from cathode to anode acquire 
a velocity depending on the potential difference. When they 
strike the anode, this kinetic energy is given up in heating it. 
If the anode retained the heat, its temperature would rise to a 
point at which it too would become an emitter or at which it 
might even melt. 

Thus two important requirements for the anode are that it 
shall be a good heat radiator and that it shall be made, or at 
least have a covering, of a material which is inherently a poor 
emitter of electrons. It should be composed of a material having 
a high melting point. Also, it should be made of a material from 
which absorbed gas may be easily drawn when the tube is ex¬ 
hausted. These conditions are best met by nickel, tantalum, 
molybdenum, and similar metals, usually coated with graphite or 
carbon black for better heat radiation. In some cases the whole 
anode is a molded block of graphite. In some of the largest radio 
transmitting tubes the anode becomes the actual outside wall of 
the tube so that it may be cooled by direct immersion in water 
or may have large radiating fins for forced air cooling. 

There is no mystery in calculating the amount of heat to be 
dissipated. Since all the energy in the electron stream must be 
changed to heat at the plate (assuming no secondary emission), 
the heat is simply the product of the electron flow in amperas 
times the voltage difference between the cathode and the anode, 
which we express, as usual, in watts. If both voltage and cur¬ 
rent vary, as they do in any actual circuit, the instantaneous 
heating must be found and averaged. As the anode effectively 
encloses the cathode in most vacuum tubes, a large part of the 
cathode heat will be radiated to the anode, where it must be 
reradiated. 

Anode Shapes. The shape of the anode is designed to dis¬ 
tribute as evenly as possible the flow of the electrons from the 
whole cathode to the whole anode so that emission from the 
cathode and heating of the anode will be as uniform as possible. 
If control grids are to be placed between the anode and cathode. 
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the anode shape may be modified to permit a more desirable dis¬ 
tribution of voltage, or gradientj between cathode surface and 
anode. Because of the different characteristics of electron flow 
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Fio. 1.6. Typical small diode rectifiers, (a) A twiri-diodc type with one 
anode removed to show the directly heated cathode. 

in a gaseous atmosphere, the anodes in gas-filled tubes are of a 
different shape from those in vacuum tubes, usually smaller and 
spaced away from the cathode rather than enclosing it. 

In small tubes, such as phototubes, having electron flows of 
the order of microamperes, the problem of dissipation becomes 
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unimportant. The anode may consist of a single piece of wire 
placed where it may collect the electrons most effectively and yet 
interfere least with the light striking the sensitive cathode. 

The anode of an indicator tube may be coated with a fluorescent 
material that will glow with a visible light when the electrons 
from the cathode strike it. Sometimes this fluorescent anode is 
called a ^^target’^ or ^^screen.^^ 

Diodes (Fig. 1.6). In the discussion of electronic fundamentals 
on page 7, the inherent characteristics of the rectifier or diode 
were stated. Diode means ‘*two electrode/^ here, of course, cath¬ 
ode and anode. It is a simple one-way electrical valve. At low 
frequencies it is practically a perfect one-way valve, or rectifier, 
since, if the anode is designed so that there are no free electrons, 
t here can be no reverse elec- 


tron flow when the cathode 
is positive. Therefore, under 
these conditions the tube 
becomes an open circuit, the 
impedance being a combina¬ 
tion of the tube insulation 
and the very small capacity 
between cathode and anode. 

Infinite impedance to re¬ 
verse current is one of the 
two requirements of a per¬ 
fect rectifier. The other is 
a zero impedance for the 
forward current. Unfortu¬ 


Corfhode 



Volts between cdthode and anode 


Fig. 1.7. Cathode emission curves, siiow- 
ing emission limit for three values of 
cathode heat. 


nately, in practice the tube rectifier does not approach this second 
requirement nearly so well. The anode must be positive with re¬ 
spect to the cathode to attract the electrons, and in the practical 
range of potentials the number of electrons attracted increases as 
the three-halves power of the voltage. As will be seen from the 
curves in Fig. 1.7, the electron flow between cathode and anode in¬ 
creases according to the three-halv^es law until a certain current is 
reached. Then the curve breaks and a limit in current flow is 
reached so that no appreciable increase is noted as the anode poten- 
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tial continuos to increase. This is the limit of emission for that 
particular cathode temperature. However, if the cathode temper¬ 
ature is raised, the emission will be increased and the ultimate 
limit will, of course, be higher, as shown by the succeeding curves. 
It should be noted particularly, also, that the curves for each cath¬ 
ode temperature, while similar to each other in the three-halves 
power range, are not the same but show a slightly increased current 
at each anode voltage point as the cathode temi^erature is 
raised. 

Since the emission from a tungsten filament inen^ases rapidly 
as the cathode heating voltage is raised, a sensitive voltage or 
current indication can be had by applying the indicated voltage 
or current to heat the cathode, using a sufficiently high anode 
voltage to ensure obtaining the limit emission, and reading this 
emission current on a meter in the anode circuit. Except for this 
application, however, almost all electron tubes are so designed 
that the maximum current normally drawn will be well below 
the emission limit for the specified cathode heater voltage and 
temperature. 


Space Charge. Let us go back for a 
moment and examine more in detail the 
reason why the diode is not a perfect rec¬ 
tifier, why all the electrons emitted are 
not immediately drawn to the anode as 
.soon as it becomes positive with respect 
to the cathode. If the cathode were 
cold and no current could flow, we could 
assume that the distribution of voltage 
between cathode and anode, or the 
so-called ‘Voltage gradient,'^ would be 
a straight line with the cathode at zero 
voltage and the voltage halfway be¬ 
tween anode and cathode in space equal 
to half the anode voltage, as shown in Fig. 1.8. If a single electron 
were now free to move from the cathode, it would be attracted 
along toward the anode by a uniform force, gaining speed uniformly 
as it went until it finally crashed into the anode and gave up its 
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Fig. 1.8. Voltage graditmt 
between cathode and anode 
when no current is flowing. 
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kinetic energy in the form of heat (as was discussed previously). 
This is exactly as a ball under the pull of gravity increases in speed 
uniformly as it rolls down a uniform grade. 

But any usable electron current consists of, not a few, but 
many millions of electrons, and when all these attempt to leave 
the cathode simultaneously, a very interesting effect is produced. 
Since the electrons are at cathode potential, their cumulative 
effect, as they tend to move out away from the cathode, is as 
if the cathode itself were expanding. The electrons behind the 
first layer find themselves on a ‘‘plateau of potential,as it were, 
between the outer layer of electrons and the cathode, both at 
the same ^^height/' or potential. Hence, there is no tendency 
for them to follow the first electrons. 

Actually, nothing so abrupt as this occurs. The electron flow 
is never great enough to shield completely the cathode from the 
anode, but the general effect is to slow down the speed of those 
electrons nearer the cathode because of the presence of other 
electrons between them and the anode. So for any given anode 
potential a stable condition is set up in which there are a suffi¬ 
cient number of electrons flowing each 
second so that the retarding action 
toward those behind just balances the 
attraction toward the anode. If the po¬ 
tential-gradient curve is drawn for these 
conditions, with the height of the curve 
at any point equal to the velocity im¬ 
parted to the electron at that point, this 
gradient is no longer a straight line but 
a dish-shaped curve becoming steeper 
as it approaches the anode (Fig. 1.9). 

It is this space charge, then, or the 
retarding action by the electrons them¬ 
selves in the space between cathode and anode toward those 
behind, which determines that, instead of all the electrons emitted 
flowing at once from cathode to anode, the flow is limited by the 
potential on the anode and, as stated before, by the temperature 
of the cathode. 



Fio. 1.9. Voltage gradient 
between cathode and anode 
when current flows, showing 
the effect of space charge. 
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Initial Velocities and Contact Potentials. The space-charg(i 
effect shows itself in another manner when we are attempting 
to work with anode potentials of a very few volts. Some of the 
most active electrons at the surface of the hot cathode may 
actually be “boiled off” into the space surrounding the cathode, 
even though the anode is absent or is at cathode potential. These 
electrons naturally tend to return to the cathode, but the boiling 
action is sufficiently violent in the ordinary cathode materials 
used in the smaller tubes (barium, strontium oxide, or thoriated 
tungsten) to maintain a cloud of electrons close to the surface of 
the cathode, which has a potential of approximately 1 volt nega¬ 
tive with respect to the cathode surface. Therefore, odd as it 
may seem, if an electrode which is Vi volt negative with respect 
to the cathode is placed close to the heated cathode, a small 
electron current due to this effect will be found flowing to the 
electrode in apparent contradiction to the law that no current 
will flow from a cathode to an electrode more negative than itself. 
As a re.sult of this effect, sometimes called “initial velocity,” a 
disconnected electrode or one connected to the rest of the cinaiit 
through a high impedance of several megohms may be found to 
be charged to a potential, not that of the cathode, but about 
1 volt negative with respect to the cathode. 

Another effect, sometimes called the “contact-potential” effect, 
exaggerates the current to an electrode with a slightly negative 
potential. Ju.st as two dissimilar pieces of metal dipped in a 
dilute acid indicate a potential difference, two electrodes of differ¬ 
ent metals in a “bath” of electrons have a potential difference. 
Thus, if the metal of the anode is in one of the series of metals 
that is positive to the material of the cathode surface, then the 
current that flows with zero, or negative, anode voltage is increased. 

As might be expected from the very nature of the action, such 
effects are not stable and constitute one of the most serious 
limitations in attempting to operate electronic rectifiers and 
amplifiers on very low anode voltages, especially those of only 
a small fraction of a volt. 
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Questions 

1 . What is meant by a rectifier? How is rectification accomplished in an 
electron tube? 

2. What is meant by a '^thcrmionic'^ tube? 

3. Name two cathode materials and compare them as to (a) heating watts 
per ampere of emission, (b) time required to reach operating temperature. 

4. How is emission obtained from (a) a mercury pool, (b) a phototube 
cathode? 

5. How docs space charge limit the electron flow? 



CHAPTER II 


GAS-FILLED RECTIFIERS 

The Gas-filled Diode, or “Phanotron.” In working with high- 
vacuum rectifiers and observing the high voltages required to 
cause useful currents to flow in spite of the space-charge effects, 
we realize that it would be extremely desirable to try to eliminate 
or at least to neutralize the space-charge eff(‘ct. This is done in a 
fairly satisfactory manner in the modern gas-filled electron tube. 
The envelope in this type of tube contains a gas at a very low 
pressure, usually argon or, more recently, xenon. Or a drop of 
mercury vapor, boiling off in the vacaium at normal room temper¬ 
atures, provides sufficient gas molecules for proper operation. 

Let us now try to visualize what happens when the cathode is 
heated and a positive potential is applied to the anode. If this 
potential is below 8 volts, nothing much happens except that the 
gas atoms get in the way of the electron stream so that the cur¬ 
rent is even less than without the gas present. However, as the 
anode voltage is raised to somewhere between 10 and 15 volts 
(depending on the gas used and other factors), the electrons 
attain sufficient speed when bouncing from one atom to the next 
actually to knock free one of the electrons of the second atom, a 
phenomenon called ^fionizing.^' This leaves two electrons free to 
move toward the anode, and the atom robbed of an electron 
has become a positive ion and so is attracted to the (negative) 
cathode. Normally, the comparatively heavy, slow positive ions 
drift toward the cathode so slowly that those which do finally 
reach it contribute less than 1 per cent of the total current flow 
and do not strike the cathode surface with enough force to cause 
appreciable damage. Such an ion may combine with one of the 
electrons to become a neutral atom again, producing the familiar 
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colored glow seen in gas-filled tubes, only to be tom apart again 
by a glancing blow from another higher speed electron. 

As a result of the myriads of collisions taking place through- 
out all the space between anode and cathode, the area quickly 
becomes filled with flying electrons and positive ions. In the 
major part of the space, except close to the anode and cathode, 
there will be an approximately equal number of electrons and 
positive ions (Fig. 2.1). This is called the “plasma,’^ and in it 



Fig. 2.1. Th(‘ plasma potential gradient in a gas-lilled tube. 


the presence of the positive ions averages out the space-charge 
effect of the negative electrons. This is the desired result to be 
obtained by gas filling. The spaces nt'xt to the anode and cath¬ 
ode, or “sheaths,” have a groat number of electrons entering or 
leaving the plasma. Because of the electrons in the sheaths, 
there will be some space-charge effect there. However, the 
sheaths are but a small part of the total space. Near the anode 
the concentration of electrons may even permit the anode to be 
at a slightly lower potential than the plasma, as a continual 
stream of negative charges drawn from the neutral plasma tends 
to make the plasma\s average potential more positive. 

The Cathode Sheath. The potential drop in the cathode sheath 
must be great enough to overcome the space charge and permit 
the attaining of sufficient speed by the electrons to bombard and 
ionize the gas atoms of the plasma. Thus the flow of electrons 
into the plasma from the cathode sheath and the flow out into 
the anode sheath are balanced by slight changes in the plasma 
voltage, no matter how great or small the anode current may be. 
If the plasma voltage tends to rise too high, the added average 
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speed of the electrons from the cathode will increase the ionizing 
effect greatly, flooding the plasma with a superabundance of 
free electrons and thus tending to reduce its potential below the 
ionizing potential. If, on the other hand, the plasma tends to 
drop below ionizing potential, the slow infiltration of the cathode 
electrons only cannot replace those lost to the anode so that the 
positive ions in the plasma will predominate and the plasma 
potential will quickly rise again to the ionizing potential. 

It is beyond the scope of this book to try to give a complete 
picture of the complex ionizing process. The most important 
fact to remember is this. Owing to the action of the gas in the 
tube the space charge is effectively neutralized so that the anode- 
cathode potential in a gas-filled tube, for any current in the cath¬ 
ode emission range, is approximately the ionizing potential of the 
gas, usually 10 to 15 volts. This means that the gas-filled tube 
as a current conductor is much more efficient, that is, has a much 
lower loss for a given anode current, than the high-vacuum tube. 

Drawbacks to Gas Filling. By filling the tube with gas a 
high-efficiency rectifier has been obtained as desired. But what 
other effects, perhaps not so desirable, has gas filling produced? 
First, it has slowed down the action of the tul)e. The ionizing 
of the gas and the building up of the plasma take time—not 
much, only about one hundred-thousandth part of a second, or 
10 raicrosec, but still hundreds of times as long as for the unob¬ 
structed electron to cover the same distance. Even longer is the 
time taken for the plasma to deionize, for the positive ions and 
electrons in the space to reunite to form neutral atoms. This 
takes Kooo sec, or 1000 microscc, in the usual gas-filled tube, 
although special tubes are built to deionize faster at the expense 
of other characteristics. This means that the gas-filled tube, un¬ 
like the vacuum tube, is limited to the rectification of a-c fre¬ 
quencies of only a few hundred cycles. 

The gas pressure within the tube must be kept within limits 
for satisfactory results. This is not serious for true gas fillings, 
for the change in pressure in a true gas like argon or xenon over 
the normal ambient temperatures is not excessive. These gases 
do tend to be absorbed by the elements of the tube, though, and 
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this gradual ‘'cleanup'’ is one of the reasons for tube failure. 
However, when mercury vapor is used, the temperature range is 
much more critical. We all know that at sea level water boils 
at 212®F; that is, at 212®F the air pressure of 14.7 lb per sq in. 
of the atmosphere is just balanced by the growing vapor tension 
of the heating water, and steam is produced. On top of a high 
mountain, on the other hand, where the atmospheric pressure is 
only half that at sea level, the water will build up sufficient vapor 
pressure to match this greatly reduced outside pressure at about 
172°F, or only 40‘^F less than that required at double the pressure. 

Thus, there is a much greater change in pressure for a vapor 
than for a gas over a small temperature range. The small drops 
of mercury in the evacuated bulb of the electron tube boil away 
at any given temperature until the vapor within the bulb can 
exert the pressure to balance the vapor tension required for 
boiling at that temperature. We are lucky that the vapor pres¬ 
sure of mercury vapor in the normal range of ambient tempera¬ 
ture is satisfactory for our use. But for outdoor uses in cold 
climates, unless artificial heat is used, the vapor will not supply 
sufficient atoms to be ionized into an efficient plasma. On the 
other hand, if the temperature rises too high, the electrons are 
unduly obstructed, deionization is slow, and the possibility of 
disruptive reverse electron current flowing from anode to cathode, 
an “arc back," becomes much greater. 

In favor of the mercury tube, however, it will be remembered 
that there is always a little liquid mercury left to supply the 
needed vapor; thus, mercury-vapor-fillod tubes do not “clean up." 
Mercury has the defect that in shipment it may be splashed onto 
the electrodes and “wet" them; it must then be distilled off by 
energizing the cathode heater for some period such as a quarter 
or half hour before the tube can be used again. This is particu¬ 
larly serious in portable equipments. 

Hydrogen Gas Filling. For military radar a thyratron was 
required having an extremely short deionizing time, in the order 
of 1 microsec. This was made possible by filling the tube with 
hydrogen gas. Since this is the lightest known gas, the move¬ 
ment of tlie molecules for a given pressure is the most rapid. 
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permitting much faster deionization. Unfortunately, the chemi¬ 
cal activity of the hydrogen is also high, and these thyratrons 
have a relatively short life. However, research is being carried 
on to improve their life and so bring to industry the advantage 
of thyratron control at frequencies much higher than is possible 
at present. 

Cathode Bombardment. A final cliaracteristic of the gas-filled 
tube arises from its principal feature of a nearly constant potential 
drop for any value of current. Unless the anode-circuit imped¬ 
ance is sufficient to limit the current that will flow through the 
tube, the tube may be greatly overloaded and destroy itself. In 
the discussion of the electron-current flow it was brought out 
that the maintenance of the plasma in a stable state and the 
steady flow of current were dependent on a plentiful supply of 
electrons coming from the cathode. If the demand of the current 
flow cannot be met by a slight rise in voltage above the ionizing 
potential, a large number of positive ions will be created, and 
these may be drawn all the way to the cathode before finding 
electrons for neutralizing. The positive ions are much heavier 
than the small electrons and, having been abnormally accelerated 
by the increased potential drop between plasma and cathode 
(just as the electrons are in the opposite direction), may strike 
the cathode with relatively great energy. This energy being 
turned into heat helps raise the temperature of the cathode, 
vaporizes its surface, and ionizes its atoitis, freeing electrons. The 
loss of a positive ion from the plasma frees an electron to the 
anode to preserve the potential balance; and the electrons, blasted 
from the cathode surface, may be attracted to the plasma just 
as any other electrons are so that the current required will be 
maintained until the cathode itself is almost completely destroyed. 

Positive-ion bombardment may be indicated in some cases of 
extreme overload by sparking and sputtering at the surface of 
the cathode as the active material is destroyed or actually chipped 
off. This was mentioned briefly in connection with vacuum tubes, 
in which it may be due to the presence of stray gas molecules, 
but it is much more pronounced when a gas has been deliberately 
introduced, 
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It is important to point out that bombardment (?an occur 
whenever the cathode cannot supply sufficient electrons for th(» 
current demanded. It is easy to see that this may occur on an 
overload or short circuit of the load. It can also occur if the 
heater power is lost while the tube is being used, if the heater 
power is decreased badly by poor connections, etc. In the larger 
tubes with indirectly heated cathodes, which require several min¬ 
utes to reach the proper emission temperature, the tube’s cathode 
can be destroyed quickly if power is applied to the anode circuit 
at the same time that the cathode heater is turned on. Attempts 
to shorten the heating time specified by the tube manufacturer 
tend to decrease the cathode’s life. In some special cases the 
heating time is shortened by running the heater at overvoltage 
during the heating period. Usually the cost of the extra equip¬ 
ment required for this is not justified. 

Circuits using some of the smaller gas-filled tubes having di¬ 
rectly heated cathodes, which come up to temperature in a few 
seconds’ time, do not employ cathode protective circuits since 
it is thought that if power is applied to the circuit only once or 
twice a day, as is usual, the slight loss of tube life due to these 
few seconds is not serious. Large tubes can be made quick¬ 
heating only by means of a prohibitive amount of heater power. 

Mercury-arc Rectifiers and Ignitrons. On page 14 reference 
was made to the mercury-pool type of tube in which the heavy 
positive ions of mercury drifting close by attract electrons from 
the surface of a mercury pool, which thus acts as a cathode to 
supply an almost limitless number of electrons. The two types 
of tube using a mercury pool as a cathode are similar in their 
operation of continuing the current flow after the ionization of 
the mercury vapor is established but differ in their method of 
starting the cathode emitting spot. In the older type (Fig. 2.2), 
which uses a common mercury-pool cathode and a number of 
anodes, one of which is always positive, the current flow, or arc, 
is started mechanically by dipping a rod, or auxiliary anode, into 
the mercury and drawing it out by a solenoid or other means 
to start a small arc and create the first ionized atoms. These, in 
turn, can be drawn into the path between the pool and a main 
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anode to build up the plasma for the regular current flow. In 
this type the vapor is never permitted to deionize. As one 
anode becomes less positive, another picks up the current flow'. 
Elaborate baffling is used between the anodes to prevent current 
flow and short circuits between them. This type is made in 
large sizes and is often kept evacuated by continuous pumping. 




Elementary 

symbol 


Fig. 2.3. The ignitron. 

A more recent development in mercury-pool tubes is the igni¬ 
tron (Pig. 2.3). Here the arc is started electrically by an ignitor, 
a piece of some crystalline substance such as boron carbide, 
which projects into the mercury pool but is not wet by it. Com¬ 
paratively little power is necessary to start an arc on the mercury 
surface and thus begin the ionizing action. Since this starting 
action is electrical rather than mechanical and can be performed 
as often as desired by electronic means, it is no longer necessary 
to maintain the vapor continuously ionized as in the mercury-arc 
rectifier. It is possible to have tubes with only one anode and 
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thus do away with the elaborate baffling and the danger of arc 
backs and cross-anode arcs of the multianode type. Even more 
important, stopping the ignitor action will prevent the tube from 
conducting, while operating the ignitor will permit it to conduct 
at any desired time. This gives a flexibility of control to the 
ignitron impossible with the older rectifier. 

Ignitron tubes, however, have a few drawbacks. The life of 
ignitors is not unlimited; in fact, they are usually the first part of 
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the tube to fail. Ignitors cannot be permitted to become negative* 
with respect to the pool, for the reverse current may ruin them. 
They cannot stay more positive than the plasma potential long 
after the tube has been fired, or they will tend to rob the anode 
current and bum up. The energy required to fire them, while 
small compared with the power that can be released, thousands 
of amperes at many thousand volts, still may be as much as 
40 amp at 200 volts and is thus quite large compared with many 
of the smaller loads to be controlled. Also, if the current in the 
ignitron is allowed to drop below about 5 amp, the action of the 
bombardment in the cathode spot may become erratic. Some- 
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times, when it is essential for the ignitron to be stable on small 
anode currents, an auxiliary anode drawing a parasite current of 
5 amp or so is added to ensure the continuation of the electron 
and ion supply. 

Cold-cathode Tubes (Fig. 2.4). Another type of tube, with a 
cold cathode, is specially designed to take advantage of a charac¬ 
teristic of gas ionization that we have heretofore considered only 
briefly, the almost constant potential between anode and cathode. 
For power-conduction purposes it is desirable to keep this arc 
drop as low as possible. For this purpose we use mercury vapor, 
argon, and xenon. But by using otluT gases, higher arc-drop 
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Current throligh tube,moi. 

Fig. 2.5. Tho voltugo-cunvnl curves for a typical voltage-regulator lube. 

potentials may be had. For example, the familiar neon lamp 
holds a constant potential of between 55 and 60 volts. Other 
f 2 ;ases hold about 75, 90, 105, or 150 volts (Fig. 2.5). In each 
case it is necessary to raise the potential between cathode and 
anode 30 or 40 volts above the arc potential for the creation of 
the ion bombardment to start the original discharge. A sharply 
pointed projection is usually welded to one or both of the elec¬ 
trodes to assist in creating a potential gradient great enough for 
the original breakdown. 

A Constant-voltage Reference Source. Cold-cathode tubes 
make satisfactory constant-voltage sources where the current 
requirements are not too severe. The commercial models have 
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a current range between 5 and 50 nia. Below 5 ma (10 in some 
types) the arc becomes erratic and may go out. Overloading 
the tube may shorten its life considerably. Ihe cathode surface 
is specially prepared; but since it can be activated only by ion 
bombardment, its life is definitely limited by the total number 
of electrons which Bow so that the life may be expressed roughly 
in ampere-hours for a given type of tube. 

It has been stated that the tube arc drop is almost constant 
for the complete current range. There will be a slight regulation 
of 2 or 3 volts, however, over the current range. This is usually 



Fig. 2.6. Voltage-regulator tube applicationis. (a) Direct. (6) With ampli¬ 
fier, as a reference tube only. 

satisfactory. If a steadier voltage is needed, a high- or low- 
voltage regulator tube in cascade will give an extremely constant 
voltage across the lower voltage tube. 

If the greatest possible accuracy is desired, the reference volt¬ 
age-regulator tube should not be used for other loads. Each 
time a tube strikes, the voltage held may change slightly. 

An Improved Voltage-regulator Tube. In 1947 the Radio 
Corporation of America announced the Type 5651 voltage refer¬ 
ence tube featuring a new emitting surface and improved con¬ 
struction that minimized the voltage change, sometimes as great 
as 1 volt, which occurred in former tubes when restriking or when 
the discharge transfers to another spot on the cathode. This 
tube is intended for use only as a reference with an almost con- 
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stant current drain of only a milliampere or two, as in the typical 
regulating circuit (Fig. 2.66), and not as a shunting circuit ele¬ 
ment, as in Fig. 2.6a. 

Gas-filled Phototubes. When a phototube is filled with an 
inert gas, such as argon, the electron current released by the 
light energy is so small (a few microamperes) that the usual 
plasma ronditioii-: arc not osfahlisbcd under the normal maximum 



Fkj. 2.7. T!io ballast tube, eonstant-curreiit, tube, or barrettt'r. 

anode potential of 90 volts. Below 20 volts there is no appreci¬ 
able ionization; but as the anode potential increases, some ioniza¬ 
tion occurs, until at 90 volts the original electron current has 
been multiplied seven or eight times. Higher anode potentials 
will increase the current, but there is the possibility of excessive 
cathode bombardment and uncontrolled cold cathode discharge, 
as discussed above. Naturally, the ionization action is less effec¬ 
tive with increased frequency of light change. 

The Constant-current Tube, Ballast Tube, or “Barretter.” The 
ballast tube (Fig. 2.7) is described here merely for convenience 
since it is not a true electron tube. There is no electron flow 
through space such as is found in the usual electron tube. How- 
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ever, because it is often used in electron circuits for current- 
regulation purposes, it is included in our discussion. 

The ballast tube consists 
of a resistor, usually an iron 
wire, mounted in a gas atmos¬ 
phere, usually hydrogen, in 
a biiJb of adequate size to 
permit proper cooling. As 
current flows through the iron 
wire, the heat generated 
tends to raise the wire tem¬ 
perature to a dull red. How¬ 
ever, soon after the tempera¬ 
ture reaches a dull red, the surrounding gas absorbs the heat so 
quickly that the temperature remains about constant. Since the 
resistance of iron increases rapidly with temperature, if the voltage 
across the ballast tube is a minimum, only a small portion of the 
wire will be heated red-hot. As the voltage increases, a longer 
section of the wire is heated, producing a higher total resistance, 
but the current will have risen hardly at all. Figure 2.8 shows a 
typical characteristic curve. 

Since the regulation depends on the heating and cooling of 
the wire, it is not extremely rapid; a matter of seconds may be 
required to reach an equilibrium condition after a voltage change. 
Iron wire is not very satisfactory for currents below 1 amp. For 
smaller currents tungsten is u.sed, though the resulting regulation 
is not so good. 



Volts across tube 


Fig. 2.8. The volt-ampere characteristic 
of a ballast tube. 


Questions 

1. What is the principal reason for using gas in electron tubes? 

2. Describe ionization within a gas-filled tube. 

3. Comment on three drawbacks to gas-filled tubes. 

4 . Give an advantage for inert gas filling and one for mercury vapor. 

5. Describe the starting of an arc in an ignitron. 

6. For what current range is the ignitron best suited? 

7. What points must be considered when using glow tubes as voltage 
regulators? 
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SPECIAL TUBE TYPES 

Secondary-emission Tubes. These tubes, limited at the pres¬ 
ent time to low-current devices such as phototubes, use a series 
of cold anode-cathode electrodes in a cascade effect in which the 
few electrons emitted by the primary photosensitive surface be¬ 
come multiplied each time the electrons liberated by the bombard¬ 
ment of those from the previous stage strike the emitting surface 
of the next more positive anode-cathode. The average number 
of electrons liberated by each arriving electron may be only three 
or four and depends on the potential across each stage. But a 
typical tube (Fig, 3.1) contains nine stages, and 4^ means an 
amplification of over 250,000. Since this type of tube contains 
no heated cathode from whose electron boiling surface minute 
random currents called ^^thermal agitation^^ or ‘‘Schott effects^’ 
may be set up, and requires no high impedances to be affected 
by stray electrostatic or magnetic fields as do multistage triode 
or pentode amplifiers (see page 148), these multistage secondary- 
emission tubes are found to be a stal)le and interference-free form 
of amplifier for very small currents. Their biggest disadvantage 
lies in the high potential necessary for their operation. Since the 
potentials for each stage must be added, the nine-stage tube 
mentioned above, with 100 volts on each stage, will require a 
total voltage of 900 volts compared with the 200 or 300 volts 
normally used on a small pentode amplifier. 

Fluorescent Indicator (“Magic Eye’’) Tubes (Fig. 3.2). A 
visual indication of the electrons striking the anode is possible 
if the anode surface is coated with a fluorescent coating that will 
glow when energized by the striking electron. If a control elec¬ 
trode is inserted between cathode and anode (usually called a 
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“target'^ here) and is made negative with respect to the electron 
stream at this point, the electrons are deflected from the control 




electrode, and a shadow appears on the target in the vicinity 
where no electrons are being received. The more negative the 
control electrode is made, the farther the electrons are deflected, 
and the wider becomes the shadow. Hence, the width of the 
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shadow is a visual indication of the potential of the control elec¬ 
trode, which is usually connected to some critical point in the 
circuit. Note that this shadow-forming electrode is not called a 
^^grid.^^ It is usually only a single 
vertical blade or wire to deflect 
the electrons at one point, as com¬ 
pared with the usual grid, which 
tends to control the average flow 
to all points on the anode. 

In the usual commercial form 
of indicator tube, 6U6/6G5, a 
high-mu triode amplifier is also 
included in the tube envelope to 
amplify the action of the control 
electrode, and a form of screen 
grid is added to the indicator sec¬ 
tion to ensure a more uniform 
flow of electrons to the target and 
hence a more uniform glow out- 

side ti.e shadow area. Another 3 ^ fluorescent target 

form of indicator, 6AF6-G, has indicator tube, or “Magic Eye.” 
no amplifier but uses two inde¬ 
pendent control electrodes to form shadows on opposite sides of 
the cathode. 

Cathode-ray Tubes (Fig. 3.3). There is nothing mysterious 
about the cathode-ray tube; it is merely a somewhat more versa¬ 
tile form of indicator tube. It consists of a heated cathode, 
hooded to permit electrons to come out only through a small 
hole, a control grid to limit the electron flow, and the anode, con¬ 
sisting of fluorescent material coating the slightly curved glass end 
of a long evacuated tube. Between the cathode and anode (in this 
tube called a ‘^screen^O are two cylinders that might be con¬ 
sidered accelerating or screen grids such as will be discussed under 
Tetrodes (page 52). It might be expected that the electrons 
would strike the screen surface uniformly, producing a uniform 
glow of the fluorescent material. But it has been found that by 
suitably shaping the accelerating electrodes and adjusting their 
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potentials with respect to the cathode and each other, an electro¬ 
static “lens'" is formed which can bend the electron flow back to 
a small spot at the screen just as a glass lens retracts light rays 
onto a camera film or as the sun's rays are concentrated to start 
a fire. (Incidentally, in some of the larger cathode-ray tubes, 
where high screen potentials produce extremely high electron 
velocities, if the focused spot is permitted to remain too long at 
one place on the screen it may burn up the fluorescent material 
there and even melt a hole in the glass.) 




Deflecting Plates. So far we have an electron “gun," which 
shoots a focused stream of electrons out to produce a small bright 
spot on the fluorescent screen. Next are added two small insu¬ 
lated plates, one on each side of the electron stream, just beyond 
the accelerating electrodes. Following the fundamental law of 
the repulsion of like electric charges discussed previously (page 
9), if one of these deflecting plates is made negative to the electron 
stream, the stream will be deflected away from it; conversely, if 
the opposite plate is made positive, the stream will be attracted, 
doubling the deflection effect. By var 3 nng and reversing the 
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potentials on the two deflecting plates the luminous spot can be 
swept in a line completely across the screen. This line will be 
perpendicular to the deflecting plates. 

In order to move the spot in two dimensions on the screen, a 
second pair of deflecting plates at right angles to the first is added 
just beyond the first pair. Then, by juggling the potentials and 
polarities of both sets of plates, the spot may be made to move 
to any point on the screen. Since the deflecting plates draw no 
current but merely deflect the beam, they consume no power. 

Many of the older cathode-ray tubes used in industrial elec¬ 
tronic servicing are so designed that one plate of each pair is 
connected directly within the tube to the adjacent accelerating 
electrode. Newer tubes, to attain better balance and a sharper 
trace, change the potential of both plates equally above and 
below an average value. 

Practical Oscillographs. In the usual cathode-ray oscillographs 
there is not only the power supply for the cathode-ray tube itself 
but also a timing circuit, which may be applied to sweep the 
spot horizontally at any desired constant speed across the screen 
and to cause it to fly back and repeat almost instantaneously. If 
the voltage to be observed is connected to the other set of plates, 
both its instantaneous magnitude and variation with time may 
be observed. If the observed phenomenon repeats more often 
than about ten times per second and the horizontal time sweep 
is set to synchronize, a continuous picture of the voltage trace 
will appear on the target screen, to be studied at leisure. Many 
oscillographs have amplifiers to amplify the input signal before 
it is applied to the deflecting plate. 

To sum up, in the cathode-ray oscillograph we have a very 
useful voltmeter combined with a time axis so that instantaneous 
voltages and wave shapes may be observed easily with almost 
no loading on the circuit under observation. It has a more rapid 
response than is possible with any mechanical oscillograph and is 
not readily damaged by any overvoltage that does not actually 
break down the circuit insulation. In servicing cathode-ray cir¬ 
cuits it must be remembered that, while the smaller tubes with 
3-in. and smaller screens normally have no more than 600 volts 



40 INDUSTRIAL ELECTRONIC CONTROL 

between cathode and target, the larger tubes may use many 
thousand volts. For these the proper precautions must be taken. 

Television “Picture Tubes.’* The cathode-ray tube in modi¬ 
fied form is the television “picture tube.” Here a rapid timing 
circuit sweeps the spot across the target screen while a slower 
timing wave moves it vertically to produce a rectangle of light. 
The electron beam itself is then modulated by the control grid 
to produce the light and dark areas of the picture. The details of 
television transmission and reception are far beyond the scope of 
this book since the subject involves the amplification of extremely 
high frequencies and a thorough understanding of radio theory. 

There are two main differences between the cathode-ray tubes 
used in television and in oscillographs. In an oscillograph it is 
desirable to observe a slow trace. To assist this there is mixed 
in the fluorescent material of the target screen a small amount 
of phosphorescent material that will continue to glow for a short 
time (about 3^5 sec) after the electrons cease striking the spot. 
In the television tube, on the other hand, this “persistence” must 
be kept as short as practical to prevent objectionable lag when 
rapid motion is shown on the screen. 

For special work a wide variety of screen materials, or “phos¬ 
phors,” are available. Another development is the depositing of 
a fine layer of aluminum behind the phosphor to reflect more 
of the light forward. 

Also, the larger television tubes, to decrease the cost of the 
tube itself and to isolate the deflection circuits from the high- 
voltage electron gun, use magnetic rather than electrostatic deflec¬ 
tion. Since the electron stream is an electric current that may 
be acted on by a magnetic field ju.st as if it were in the armature 
of a d-c motor, by placing properly shaped coils close around 
the tube about where the deflecting plates would have been, the 
proper deflection action may be obtained when the coils are 
energized. 

Magnetically Controlled Kenotrons and Phanotrons. This type 
of tube, in which a magnetic field is set up by a coil placed around 
the tube to replace the electrostatic grid control of the electron 
stream, has definite possibilities but has not yet been exploited 
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to any great extcmt in the indiistrial field. Since there are in¬ 
herent RP losse.s in the magnetic coil compared with the negligible 
power required to control a negative grid, this form of control 
will never supplant the grid control for general use, although 
improved forms of tubes will probably find applications in cur¬ 
rent control and other specialized uses. 

Multicavity Magnetrons and Klystrons. As noted above, the 
simple magnetron has not been wid(dy used. However, the rise 



Fid. 3.4. Ma^nt'tnHis. (a) The multieavity magnetron for generation of 
higli-povvtT pulses at super-high fr(*qiu‘ncies. (Courtesy of Raytheon Manu¬ 
facturing Company) (h) Tlu; water-cooled magnetron. The resonance cavities 
surround the filament cathode. (Courtesy of General Electric Company) 


of radar saw the development of two special types of tubes for 
the generation of extremely short radio waves of correspondingly 
high frequencies. Typical railar wave lengths are only a few 
centimeters, with a frequency of thousands of megacycles per 
second. Although the use of such frequencies industrially is 
limited, a knowledge of their method of generation is worthwhile. 

As the cutaway view of the multicavity magnetron shows 


42 


INDUSTRIAL ELECTRONIC CONTROL 


(Fig. 3.4), the cathode consists of an axial cylinder and the anode 
of a cylindrical chamber with slits leading to a number of cavities. 
The electron flow outward from the cathode is acted upon by an 
intense axial magnetic field that deflects it almost at a tangent 
to the anode cylinder wall. As the grazing flow of electrons hops 
from point to point around the cylinder, the current flow in the 
cavity walls is affected by and reacts on the minute inductive 
and capacitive effects in a cavity to create oscillations of extremely 
high frequencies. The re.sonance-current surge further reacts on 
the grazing electron beam to strengthen the effect. Alternate 
poles may be connected together by the conductor rings, as 
shown, better to parallel the effect. 

The high-frequency power is usually drawn off by means of a 
simple loop, or '‘hook,'' of wire inserted in one of the cavities or 
fed directly to a wave guide. At these wave lengths the energy 
will travel along the inside of a metallic pipe, or wave guide, 
quite freely and may be concentrated by reflectors of practical 
size such as might be used for light or sound waves. 

The klystron acts upon a somewhat different principle. As 
the flow of electrons follows a fairly narrow beam from cathode 
to anode (the "collector"), resonance chambers surrounding the 
beam have excited in them o.scillating currents which, in turn, 
react on the electron flow, slowing down some groups of electrons 
and accelerating others periodically, thus "bunching" them so 
that the effect of their flow past a point is that of a periodically 
varying current of extremely high frequency. These are shown 
in Fig. 3.5 as the input cavity, the "buncher," and the output 
cavity, the "catcher." 

Small reflex klystrons, used as local oscillators in receivers for 
these short waves, employ a negative electrode at the end of the 
electron path to refl(*ct the bunched electrons and reinforce the 
oscillations. 

In practice the multicavity magnetron has been used mostly 
for short pulses of power of high intensity while the klystron has 
been used for more moderate but continuous generation of super- 
high frequencies. A newly developed water-cooled magnetron for 
continuous service in high-frequency heating is shown in Fig. 3.46. 
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Magnetically Deflected Beams for Control. Mention was 
made above of tlie magnetic deflection of the cathode-ray beam 
for television use. If, instead of a screen, we use one or more 
pick-up electrode plates, the deflection of the beam can be used 
for control. This principle was proved succe.s.sful many years 
ago, but the cost of the special tubes in the small quantities then 
needed was prohibitive. It is hoped that the greatly increased 
industrial electronic activity will so alter the economic picture 
that this form of control tube can be more widely used. 

Questions 

1. Name an advantage and a disadvantage of the multiplii'r phototube as 
compared with a conventional phototube and amplifuT. 

2. Sketch a cross section of a cathode-ray oscillograph tube, showing the 
path of the ray and naming the essential parts. 

3. What are the two methods used to deflect the cathode ray? Give an 
advantage for each. 

4. What is the difference between the action of a multi(‘avity magnetron 
and a klystron? 

5. How is a cathod(‘-ray tuln' u.sed in a teh'vision receivcT? 



CHAPTER IV 


GRID-CONTROLLED VACUUM TUBES 

It may seem that an undue amount of space has been devoted 
to a discussion of the simple two-element tube and too much 
emphasis laid on the different types of cathode and their use and 
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(one form) 

S YMBOLS 


Fig. 4.1. The triodc vacuum-tube amplifier, 

abuse. This extensive treatment, however, is necessary; for after 
a good working knowledge of electron emission and flow is ob¬ 
tained, the relatively simple action of the various control grids 
that may be added will present no difficulties. 
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The triode is the simplest type of grid-controlled vacuum tube. 

High-vacuum Triodes (Fig. 4.1). Let us first take up the 
addition of a control electrode, or grid^ placed between the cath¬ 
ode and anode in a vacuum tube. The grid, as its name implies, 
is composed of a mesh of fine wire supported by uprights. Although 
the mechanical construction is in the form of a coil of wire with 
accurate spacing between turns, each coil is short-circuited by 
the uprights so that the inductive effect is neglected and only 
its ability to create an electrostatic field potential in its immediate 
vicinity is considered. 

In the discussion of space-charge effects (page 18) it was shown 
that even the negative-potential field of about a volt set up by 
the stray electrons near the cathode was effective in limiting the 
enussion which could be obtained with a given potential between 
cathode and anode. If a grid is added and maintained at a 
potential negative to the cathode, it will have a much more 
pronounced effect in diminishing the electron flow and, if nega¬ 
tive enough, may cut off the flow entirely. Perhaps the simplest 
way to visualize the action of the grid is as follows: The electrons 
are drawn toward the anode because there is a positive potential 
(a positive electrical ^^slope'^) near the cathode. If this slope, 
or gradient, can be made negative, the electrons in that area will 
tend to return to the cathode. The metal structure of the grid 
is definitely negative; so the electrons are deflected from it. But 
if the grid wires are widely spaced and the grid is not too nega¬ 
tive, there will be spaces between the wires where the strong 
positive field from the anode will predominate, causing this point 
to be positive with respect to the cathode and permitting an 
electron flow to take place (Fig. 4.2). Since the grid is negative, 
no electrons are attracted to it; and since the electron flow is 
what we call an ^‘electric current,'^ we have in the grid a remark¬ 
able element that can control the cathode-anode current by its 
potential alone. As our definition of power consumed in a d-c 
circuit is the product of voltage and current, the grid power 
required is thus a theoretical zero, and the power-amplification 
ratio, or the ratio of control power to the power controlled, is 
infinite. While in practice this is not completely true because 



GRID-CONTROLLED VACUUM TUBES 


47 


of insulation leakage in the grid circuit and other minor effects, 
the possible amplification of power in a high-vacuum tube is 
extremely great. 

Grid Construction. Naturally, the degree of control exercised 
by the grid will depend on how closely the grid wires are spaced 
and the spacing between grid and cathode. In modern tubes in 
which it is desired that the cathode-anode current shall be con- 



Fir,. 4.2. The potential distribution near the grid of a triodc, showing pos¬ 
itive* gradient to assist electron flow between the grid wires and negative 
gradient b(‘hind them to hinder the flow. 

trolled .with the niiniiiium change of negative grid potential, the 
grid wires are spaced as close together and as close to the cathode 
as mechanical considerations will permit. As usual, along with 
the characteristic high-amplification factor we have some draw¬ 
backs. Even when the tube structure is made on accurate jigs 
and assembled on accurately punched mica spacers, there are 
slight mechanical differences between tubes; and when the grid 
is only a few thousandths of an inch from the cathode, even a 
thousandth of an inch variation will greatly affect the potential- 
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gradient pattern and the control characteristic. Also, there is a 
definite limit to the close spacing of the grid wires. The electrons 
must flow between the wires; so if the wires themselves take up 
too much of the room, the electron streams will be unduly con¬ 
stricted and the presence of the concentrated mass of electrons 
will tend to lower the potential at that point, thus presenting a 



Fig. 4.3. The “lighthouse” tube, designed to fit directly into the cylindrical 
sections which form the tuned circuit. In the cutaway view note the ex¬ 
tremely close spacing of cathode, grid, and anode. {Courtesy of General 
Electric Company) 

serious space-charge problem. Therefore, while in any tube hav¬ 
ing a control grid the current between cathode and anode will 
be less than if the grid were removed, if the grid mesh is made 
finer for greater control the current will be even further decreased 
so that tubes having the highest voltage amplification factor are 
inherently low-current tubes. 

In the ultra-high frequency triode nicknamed “the lighthouse 
tube'’ cathode, grid and anode are all plane surfaces and spaced 
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as close together as mechanically practicable. Such tubes can 
oscillate efficiently as high as 3 billion cycles a second. Figure 
4.3 shows this tube. 

Definitions of Tube Characteristics. In describing any tube 
there are certain items that obviously must be included, such 
as the voltage and current required to heat the cathode, whether 
the cathode is of the directly heated filament or indirectly heated 
unipotential type, whether it is of tungsten, thoriated or coated, 
and also the permissible range of anode potentials (plate volt¬ 
ages) or at least the maximum allowable anode potential and the 
maximum average anode current that may be used without over¬ 
heating the anode. Two unfamiliar terms are now introduced 
to give an indication of the possible grid control. These are 
mutual conductance^ or transconductance^ and amplification factor. 

The anode current is dependent on both the anode potential 
and the grid potential. If we hold the anode potential constant 
and determine how the current changes as we vary the grid 
potential over a small range, we may express our answer as 
follows: 


Change of anode current 
Change of grid potential 


= transconductance 


As any ratio of current divided by voltage gives an answer in 
reciprocal ohms or mhos, transconductance is expressed in this 
unit or, more usually, in micromhos (a millionth of a mho) to 
avoid fractions. This might be thought of as the measure of 
power amplification in a tube. Typical modern tubes have a 
transconductancc of between 1000 and 5000 micromhos. Tubes 
having up to 10,000 micromhos transconductance are used, but 
this increase in power amplification in small tubes is made pos¬ 
sible only at the loss of some consistency between tubes because 
of the very close and accurate grid spacing required. For this 
reason, replacing a tube often requires circuit adjustments. 

Amplification Factor or Mu. Amplification factor is obtained 
from our three variables by holding the anode current constant 
and determining how the anode potential must be changed to 
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hold this constant current as the grid potential is varied. That 
is, for constant anode current, 


Anode-voltage change 
Grid-voltage change 


= amplification factor 


As the amplification factor is found by dividing one voltage by 
another, the result is a simple ratio, expressed as a pure number. 
The amplification factor is most important in voltage amplifiers 

where it is desirable to increase 
a small input voltage to a larger 
value, which may be applied to 
the grid of a second tube. Some 
triodes have amplification fac¬ 
tors as high as 100. Others may 
have a mu as small as 3 but 
a high transconductance, which 
makes them more desirable 
where power amplification is de¬ 
sired. Some special tubes have 
an amplification factor of even 

Fig. 4.4. Typical transfer charac- than 1. 

teristic curves for a triode. Since the chara(;teristics of no 



one tube are exactly the same 
over a wide range of anode voltage or current, the conditions for 
which the amplification factor and transconductance are stated 
must be given. The points chosen are usually in the mid-range 
of operation; but if similar information is desired for other points, 
it may be better to plot the tube characteristics as a group of 
curves. 

Tube Characteristic Curves and Their Uses. J'hese curves 
usually take one of two forms. The tramfer characteristic curves 
are a family of curves plotted for grid potential as the abscissa 
{x axis) and anode current as the ordinate {y axis). The curves 
are taken for various values of anode potential (see Fig. 4.4). 
The second form, called the plate or anode characteristic curve, is 
more useful for most amplifiers. It uses the anode potential as 
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abscissa and the anode current as ordinate. The curves are 
drawn for various values of grid voltage (see Fig. 4.5). A line 
drawn horizontally (constant current) provides a simple solution 



Fig. 4.5. Plato, or anode, characteristic curves for a triode. 


for the amplification factor at any value of grid or anode potential. 
A vertical line gives the solution for transconductance for any 


grid potential or anode current 
at the anode potential selected. 
A point anywhere on the chart 
represents a current flowing in 
the tube at a certain anode po¬ 
tential and may be thought of Jis 
the apparent resistance within 
the tube. The term anode or 
fdate resistance found in a table 
of tube characteristics refers to 
the slope of the characteristic 
curve at that point, that is, 



Fig. 4.6. Ohm’s law for a 20,000-ohm 
resistor. 


Anode volts change 
Anode current change 


rather than 


Ea 

la 


The same type of chart may be used to express Ohm’s law for 
any resistor as shown in Fig. 4.6. (The abscissa is scaled from the 
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right.) If now the tube and the resistor are connected in series 
across a battery or other d-c supply, the potential will be divided 
between the two, as shown on the superimposed charts, at the 
point where the resistor line crosses the line of the grid potential 
applied to the tube at the moment. The use of load lines drawn 
in this manner over the tube characteristic curves is of great 
importance to the circuit designer. It gives him a graphic solu¬ 
tion to many problems in circuit design that would otherwise 
involve higher mathematics; and since characteristics of replace¬ 
ment tubes may vary 10 per cent or so, the graphical solution is 
usually accurate enough. 



Fig. 4.7. (’oinhinatioii of Figs. 4,5 an<l 4.0 to show current flow ami volta;;r 
division between tul>e and resistor load. 


The load line as drawn will be a straight line for resistance loads 
and resonant impedances. For inductive loads the potential drops 
in the load and in the tube (which acts as a pure resistance fol¬ 
low frequencies) will be out of phase, as they are in any other 
series circuit, so that the load line takes the form of an ellipse. 
However, best efficiency is obtained by using a load with a high 
power factor, and so the resistance load line is the most usual case. 

Tetrodes, or Screen-grid Tubes. In studying the anode cur¬ 
rent-anode potential curves, two things should be noted about 
the voltage amplification to be expected in using any tube and 
any load resistance. For higher mu tubes the characteristic curves 
are seen to lie more horizontal, and the load line for a higher 
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value of load resistance also lies more horizontal. Either or both 
of these factors permit the load line to cross the characteristic line 
at a smaller angle. This is another way of saying that the differ¬ 
ence in anode potentials for the successive values of grid potential 
has become greater or that the voltage amplification obtained in 
this particular tube circuit, or stage, has become greater (Fig. 4.8). 

Naturally, the highest practicable values of anode resistance are 
used. The practical limit is somewhere around H to 1 megohm. 



Fio. 4.8. Comparison in stage gain (anode*volts change) with increase in 
value of anode resistor. 

The Screen Grid. The amplification factor of a triode can be 
increased by winding the grid in closer mesh and placing it closer 
to the cathode. The practical limit here is a mu of about 100. 
But always, in the case of a triode, we find that as the anode 
current rises and the IR drop in the load consumes more of the 
available supply potential, the ability of the anode to attract 
electrons from the cathode through the retarding action of the 
negative grid decreases as the three-halves power of the anode 
potential. 

This fact has led to the search for some means to accelerate 
the electrons that is independent of the decreasing anode poten¬ 
tial. The most practical solution has been the placing of a 
second grid between the first grid, which we may now call the 
‘^control grid^^ or ^^No. 1 grid/' and the anode. This second grid, 
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appropriately called the “screen” grid (Fig. 4.9), is usually con¬ 
nected directly to some potential positive with respect to the 
cathode but lower than the anode-potential supply. It is main¬ 
tained at an essentially constant potential with respect to the 
cathode, and this exerts an accelerating force on the electrons 



Fk;. 4.*.). A Iftrodo, or scroen-^rid fiibo. 


coming trom tlie cathode tiiat is fairly in(l(‘p(‘ri(leut of the vary¬ 
ing anode potential. Although a number of tlie electrons an' 
collected by this grid, from 20 to 30 per cent in some designs, tlu‘ 
larger portion of the electrons are moving so rapidly that their 
inertia carries them past the screen grid toward the anode. If 
the anode is more positive than the screen grid, whether by much 
or little, it will collect these extra electrons, whose rate of flow 
is determined almost entirely by the control- and screen-grid 
potentials. If the characteristics for a tetrode are plotted, it will 
be found that for potentials above the screen potential the char¬ 
acteristic curves lie almost horizontal (Fig. 4.10). This indicatc's 
an extremely high mu, or po.ssible voltage amplification within 
the tul)e, amounting to more than 1000 in some types. 

In high-frequency circuits, such as those used in radio, where 


GRID-CONTROLLED VACUUM TUBES e55 

inter-electrode capacities become serious, the screen grid serves 
another useful purpose in shielding the input circuit (control grid) 
from the output circuit (anode). 

Pentodes, or Tubes with Three Grids. In discussing tetrodes 
particular stress was placed on the fact that the desirable charac¬ 
teristics are obtained only when the anode potential is above the 
screen potential. When the anode potential drops lower than 
that of the screen, a retarding rather than an accelerating action 
takes place between screen and anode. If the potential differ¬ 
ence is small, many electrons will still have sufficient velocity to 
reach the anode. As the anode potential becomes lower, however, 
a larger percentage of the electron flow returns to the screen grid 



Fig. 4.10. Characteristic curves for a screeu-grul tube, showing smooth, 
almost horizontal lines above the screen potential and erratic curves below it. 

at the expense of the anode current. Actually, under some condi¬ 
tions when the anode is much below the screen potential, the 
electrostatic field between these two elements will be so strong 
that electrons striking the anode will release other electrons in 
a manner discussed previously under Cathode Bombardment 
so that more electrons will leave the anode than arrive. This 
secondary-emission effect may thus cause an actual reversal of the 
anode current. Needless to say, it is not usually desirable to 
operate a tetrode in this range. 

The Suppressor Grid. To prohibit operation in the range of 
potential below the screen potential is to lose an appreciable per¬ 
centage of the supply voltage for useful work in the anode load. 
It thus becomes desirable to eliminate the secondary-emission 
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effect. An effective way is to introduce a field between screen 
and anode which can be held always negative with respect to 
the anode and of such construction that the secondary effects 
from it are negligible. In the pentode tube this takes the form 
of a third grid between the screen grid and anode, called a “sup- 



Fio. 4.11. A typical pciittaic tube (glass envelope removed). Some pentodes 
have the suppreissor grid couuected to the cathode within the tube. 

pressor grid” (Fig. 4.11). It is made of fine wire widely spaced 
and is usually held at cathode potential. A characteristic curve 
for this type of tube (Fig. 4.12) shows that most of the previously 
restricted potential range is now available. The electrons acquire 
sufficient speed owing to the accelerating potential of the screen 
grid to coast past the retarding field of the suppressor grid until 
they again reach the accelerating field between suppressor grid 
and anode. 

This type of tube has replaced the tetrode almost entirely in 
voltage amplifiers. 

Beam Tubes, Tetrodes with Pentode Characteristics. A better 
knowledge of the physical action within the tube, acquired in 
attempts to improve the tetrode and pentode, has made possible 
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yet another type of tube that, while having only four elements, 
like a tetrode, simulates the action of the pentode and has a 
better efficiency than either. In designing this tube it was found 
that by placing the screen-grid wires accurately behind the control- 
grid wires advantage can be taken of the ^^beaming^' of the elec¬ 
trons away from the control-grid wires toward the less negative 
field between them (Fig. 4.13). Since the electrons tend to follow 
fairly straight paths on past the grid toward the anode, most of 
them travel past the screen-grid wires rather than striking them 
so that the ratio of anode current to screen current is better than 
doubled. It was also found that the uprights supporting the 
two grids cause a bad distortion of the potential fields in their 



J'^iG. 4.12, The eharaeteristic ciirvi^'s for a pentode. The curves are smooth 
almost to the cathode potential. 

vicinity and lower the efficiency. Therefore, two solid plates were 
placed between the screen grid and the anode at these points. 
These plates are held at cathode potential and, by preventing 
electron flow in their vicinity, help concentrate the electron beam 
through the grids. Also, it was found that, by the proper shap¬ 
ing and spacing of the beam-forming plates with respect to screen 
grid and anode, a retarding field for the suppression of secondary 
emission from the anode can be formed without using a sup¬ 
pressor grid (Fig. 4.14). 

This type of tube has characteristics very similar to those of 
the pentode, and, because of its higher efficiency due to the 
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smaller screen-current requirement, it finds a place as the out¬ 
put tube for receivers and for low-power amplifiers and trans- 



Fir,. 4.13. The h<‘ani tube. This is generally shown, for the sake of sim¬ 
plicity, as a pentode. 



Anode volts 


Fig. 4.14. Beam-tube characteristic curves. Note similarity to those of 
the pentode, Fio. 4.12. 

mitters. However, for the largest power sizes of vacuum tubes, 
requiring the highest anode voltages and currents, the simple, 
sturdy triode is still preferred. 
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Questions 

1. Which of the following conditions tend to increase the electron flow 
through the pliotron: (a) closer spacing of control-grid wires, (6) higher 
anode voltage, (c) more negative grid voltage, (d) higher screen voltage in 
a pentode? 

2. Define pliotron transconductance and amplification factor. 

3. What is the difference between a triode, screen-grid tube, pentode, and 
beam tube? 

4. Why is a pentode preferred to a screen-grid tube? 

5. What is the advantage of a beam tube over a pentode? 



CHAFFER V 


GRID-CONTROLLED GAS-FILLED TUBES 

Thyratrons, Gas-filled Electron Tubes with Grids (Fig. 5.1). 
In the discu.s.sion of the gas- or mercury-vapor-filled diode recti¬ 
fier, or phanotron, empha.sis was placed on its low, almost constant 



Fig. 5.1. A triode thyratroii with indirectly heated cathode. 


arc drop at any current, an compared with the high space-charge 
drop of the vacuum tube, and on the resulting higher efficiency. 
It would seem, then, a simple matter to put a grid into such a 
tube and duplicate the triode action with much better results. 
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But let us recall again the picture of the plasma, consisting of 
atoms, electrons, and positive ions all swarming in a highly 
agitated state. The flow of current is maintained by adding 
electrons to the plasma at the cathode side and withdrawing 
electrons at the anode side as the plasma strives to keep its poten¬ 
tial balance. This is far different from the vacuum-tube action 
in which the individual electrons follow fairly direct paths from 
the cathode to the anode. 

Before an appreciable number of electrons are perrnitt(‘d to 
flow, before the plasma can be established, the restraining action 
of the negative grid can hold off the flow of electrons and render 
the gas-filled tube nonconducting in the same manner as the 
similar grid action in the vacuum tube. But once the plasma 
has become established, as might be expected, the result is differ¬ 
ent. If the gfid has a positive potential, it simply becomes an¬ 
other anode and attracts electrons in the usual manner. However, 
if the grid is negative, it attracts the positive ions from the 
plasma, building up a neutralizing shield, or sheath, of positive 
ions in a coating around it. The sheath is normally thin com¬ 
pared with the other dimensions of the tube so that the effect 
of the negative grid on the general flow of current between cathode 
and anode is negligible. The negative grid is usually powerless to 
cut off conduction. If the current flowing is small and the grid 
is forced far negative, it is possible to stop the ionization and 
regain control; but this condition is rarely met in practice. Gener¬ 
ally, if an appreciable anode current is flowing, any attempt to 
force the grid more than a few volts positive or negative after 
ionization is started will re.sult in a large enough electron or 
positive-ion flow to the grid to cause damage. 

To prevent this damage a protective resistor is connected in 
series with the grid so that excess applied grid voltage will be 
absorbed in the resistor IR drop. The maximum value of the 
resistor is limited by grid emission due to contamination with 
active material from the near-by cathode and the capacity effects 
between the grid and the other tube elements and other parts 
of the circuit. 
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Tbyratron Construction. As the path of any electron from the 
cathode to the plasma and toward the plate is composed of a 
series of ionizing collisions rather than a direct line, it is not 
necessary for the anode to ^^see'' the cathode for best efficiency, 
as is the case in the vacuum tube, in which each electron travels 
a direct route. This permits designing cathode, anode, and grid 
for best results according to other considerations. For example, 
the cathode may be of folded or wrinkled construction, with heat 
baffles and heat shields to prevent undue loss of heat, so that the 
maximum cathode heating and emission may be obtained with 
the minimum number of watts. The anode no longer need com¬ 
pletely surround the cathode and so may be of smaller and simpler 
construction. The grid no longer controls the average electron 
flow but has only a ‘^trigger^’ action to permit ionization to start 
so that the only control portion is that in the area where the 
anode and cathode are closest together and the space-charge 
potential gradient is greatest before ionization. Therefore the 
thyratron grid is usually of solid construction (rather than a wire 
mesh), almost completely surrounding the cathode and with a 
single hole in the area between cathode and anode to control the 
ionization. The solid grid wall serves both to reflect back some 
of the cathode radiation and conserve heat and to shield the 
cathode from stray charges on the walls of the tube (if of glass) 
that might alter the control characteristic. 

By properly proportioning and spacing the grid it is possible 
to prevent ionization from taking place until the grid is actually 
driven positive with respect to the cathode for the usual range of 
anode potentials. These so-called ‘‘positive tubes'^ are useful for 
higher frequencies than the thyratrons controlled at a negative 
grid potential since the factors that give the positive grid control 
action also assist rapid deionization after the anode potential 
becomes lower than the arc-drop value. 

The effect of using a light gas such as hydrogen to speed deion¬ 
ization has already been discussed (page 25). 

Temperature Effects. The grid potential required for ioniza¬ 
tion varies with the gas pressure present, being more negative 
for greater pressures (Fig. 5.2). Thus, for tubes containing mer- 
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cury vapor, where the vapor pressure increases rapidly as the 
temperature rises, we find an appreciable change in characteristic 
with the vapor-temperature change. In tubes using an inert gas, 
where the gas pre.ssure changes little with temperature, the change 
in breakdown, or ionization characteristic, is not appreciable. 
Therefore, for precise control over a wide temperature range the 
gas-filled tube is usually preferred. However, as mentioned previ¬ 
ously (page 25), the gas-filled thyratrons have a shorter life 


60‘S0’ 40‘C 
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Fig. 5.2. The grid characteristic curves for a typical mercury-vapor-filled 
Ihyratron. An inert-gas-filled thyratron docs not show any change with 
varying temperatures. 


owing to the tendency of the gas to clean up, or be absorbed by 
the metal and glass of the tube structure. They also are limited 
in permissil:)le plate voltage. 

Shield-grid Thyratrons (Fig. 5.3). In the discussion of the 
thyratron grid it was brought out that only a small part of the 
grid actually performs the control function. The larger part 
merely shields the cathode from undesirable effects. In the 
shield-grid thyratron these functions are separated. The shield- 
grid envelope now surrounds the cathode and is usually held at 
cathode potential. The control grid becomes only a small ring 
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guarding the exit hole at the top of the shield grid. The shield 
grid usually has a second partition between the control grid and 
the anode to shield the control grid from capacity coupling to 
the anode, whereby a sudden rise in anode voltage might draw 
the grid positive, thus firing the tube. 



Fk;. 5.3. The thynitroii coinparcMl with th(^ triode. Xote thi* 

excellent shielding of the control grid in the shield-grid type. 


The advantages of the shield-grid thyratron are threefold. 
The control grid is protected from contamination due to active* 
material being evaporated or bombarded from the cathode. It 
is also protected from the radiant heat of the cathode, which 
might raise its temperature sufficiently to cause it to emit. The 
control-grid circuit is protected from constriction^ or surging, of 
the tube current. This destructive action may be explained thus: 
At times, when the cathode emission or the gas pressure is low, 
there may be a starving of electrons in the cathode sheath, sud¬ 
denly decreasing the current. If there is appreciable induct- 
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iince in the anode circuit, a hi^h potential is generated, forcing 
the current to continue to flow by bombardment of the grid with 
positive ions to obtain a source of electrons. The circuit con¬ 
tinues through the grid circuit back to the cathode. Since the 
grid circuit is usually not designed for the heavy anode currents 
jind may contain high resistances and inductances, such as re¬ 
actors or transformer windings, these parts may be damaged or 
destroyed by the high current surge. In the shield-grid tube this 
surge current is more likely to be drawn from the large shield 
grid than from the small, protected control grid. As the shield 
is connected directly to the cathode, a momentary transfer of 
the current from the cathode to the shield grid should not cause 
appreciable damage. 

As an indication of the effectivene?ss of the shielding of the 
control grid in a shi(‘ld-grid tube, it should be noted that the 
practical limit of impedance in the control-grid circuit of a typical 
three-element thyratron is about or megohm; in the equiva¬ 
lent shield-grid tube this may be raised to 10 megohms for the 
same anode-current rating. This greatly decreased current drawn 
by the control grid is the chief practical advantage of this type 
of tube. 


Questions 

1. Describe the action of the grid in a thyratron. 

2. What hapjMMis in a conducting thyratron when the grid potential is 
forc(Ml far negative? 

3. Sketch the cro.s.s section of a shield-grid thyratron ami tell why it is 
Ixdter than a triode thyratron. 

4 . Why is the shape o( a t hyration grid different from that of a pliotron grid? 

5. (Uve the approximate grid impedance pt*rmissil)h‘ in a triode thyratron 
and in a shield-grid thyratron. 
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THE MECHANICAL CONSTRUCTION OF TUBES' 

Electron tubes vary in size, from the appropriately named 
Acorn tubes to ignitrons too large and heavy for a man to lift. 
However, the general construction and the principle of operation 
are the same; in fact, usually the larger tubes are simplest, being 
triodes or ignitrons. The smallest special-purpose tubes are gen¬ 
erally glass; the next larger size, such as those used in the typical 
radio receiver, may have either a glass or a metal envelope. A 
number of the more popular tulles are available in either form, 
their electrical characteristics being almost identical. In a radio 
set the metal tube has the advantage of being shielded without 
the use of a separate shield and is slightly smaller and less liable 
to be broken. However, in most industrial circuits the shield¬ 
ing is not necessary, and so glass tubes of the equivalent type 
may be substituted freely, particularly the GT types. 

Receiver-type glass tubes often have designations ending in 
-GT or -G. The older -G form uses a larger bulb than the newer 
-GT, which are not much larger than the metal tube of similar 
type. Since the larger bulb is no longer made except for rectifiers 
and output tubes requiring a large envelope for heat dissipation, 
many of the -GT tubes are branded -GT/G to indicate that they 
replace the older type. 

The ‘‘Red” Line of Industrial Small Tubes. In 1947 the Radio 
Corporation of America took a very progressive step in bringing 
out a line of tubes similar in characteristic to some of the more 
popular receiver-type tubes but built specifically for industrial 
requirements. Refinements included heavier heater conductors 
and more heater watts for greater reliability and longer life, special 

VSee Fig. 6.1. 
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materials and coatings, and closer tolerances and more inspection 
for higher quality. They are also given a greatly increased 
“prebuming,” or aging time, to weed out initial defects. 
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Although the extra steps in manufacture mean a more expen¬ 
sive tube, the greater reliability more than justifies the cost. For 
most industrial applications failure due to a faulty or short-lived 
tube may cost many times the tube price in shutdown time and 
spoiled material in process. 

Preferred-series Tubes (Manufacturers and JAN). If a red 

tube of the desired function is not available, it is suggested that 
the designer try to use one on the preferred list of the manufac¬ 
turer or JAN (Joint Army-Navy). This tube will usually be 
more widely availal)le and its characteristics better maintained 
than other tubes not listed. 






of hey or 
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numbering from key 


Fig. 6.2. The octal lube ba.se. The locktal, button, inagnal, and other ty|)c‘s 
use the same method of pin numbering. 


The Octal Base. Many of the present-day receiver-type tubes 
use the octal base for mounting and connections (P^ig. 6.2). This 
provides for eight conn(*cting pins in a circle, at the center of 
which is a projection having a key spline molded on one side by 
which the tube may be lined up accurately in its .socket to po.si- 
tion the connections correctly. Variations of the octal base are 
the locktaly having a groove in the center projection to hold the 
tube more .securely again.st vibration, and the various bantam 
types for^the very small tubes used in portable receivers. Some 
of the older type high-mu amplifiers had the grid lead brought 
out through a cap connection at the top for better shielding from 
the rest of the circuit. By advanced construction and better 
shielding within the tube it has now become the practice to bring 
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all leads out of the bottom and dispense with the top lead. How¬ 
ever, this puts a greater responsibility on the circuit designer to 
shield the grid lead from other leads as it runs near them when 
leaving the tube socket. 

The first small tubes with bases had only four pin connections 
(the UX type); then came five pins (the UY type), six pins, and 
two sizes of seven-pin types. Finally, with the advent of the 
metal tube the Radio Manufacturers’ Association adopted as 
standard the convenient octal socket and also a standard form 
of tube designation. A uniform method of numbering the pins 
was set up. Starting with the pin to the left of the projection 
spline as the observer faces the tube base (spline down), the pins 
are numbered clockwise, ending at 8 on the right-hand side of 
the spline. Pin 1 was to be connected to the metal envelope or 
other tube shielding (although on some glass tubes it has been 
used for other purposes). Pins 2 and 7 were cathode-heater leads. 
Pin 3 was the plate or anode. Grids were connected to pins 4, 
5, and 6 and to the cap. Pin 8 was the cathode. The arrange¬ 
ment proved quite satisfactory until it was decided to do away 
with the top cap connection and bring the control grid through 
the base also. Then it was found that the widely separated a-c 
leads for the cathode heater caused trouble; so 2 (heater lead) 
was changed to 8. On other types it was found desirable to 
change the plate-lead number to 8 and sandwich the control-grid 
lead on pin 4 between the cathode at pin 3 and the suppressor 
at pin 5. In other words, at the pre.sent time the well-ordered 
system, for practical reasons, has become somewhat disorganized. 

As the number and complexity of tubes grow, many base styles 
appear to accommodate the larger number of necessary pins for 
connections. As many as 14 pins are sometimes used. 

The miniature all-glass tube is also finding increased use in 
industrial equipments in spite of its extremely small leakage 
path between pins. 

Tube Designations. With the coming of the metal tube, tube 
designations also were reorganized. Each tube number was to 
be composed of three parts; the first number indicated the nom¬ 
inal cathode-heater voltage, a letter following indicated the 
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sequence in a series, and another number at the end indicated 
the number of active elements in the tube. This system, though 
sometimes abused, has been pretty well maintained. Later -G 
and -GT or -LM (locktal metal) or even -LT (GT tube with 
locktal base) were added. 

The heater-voltage number is especially useful to the service¬ 
man or control engineer. The most familiar is the 6- series, 
having a heater with a nominal rating of 6.3 volts, to be used 
with an auto battery of 6 volts or a similar voltage from an a-c 
transformer. 12- tubes are designed for heating from 12-volt 
batteries (12.6 volts nominal) or an equivalent transformer wind¬ 
ing. Also, 25-, 35-, 50-, 70-, and 117- tubes have heaters oper¬ 
ating at the indicated voltage, the 117- tubes, for example, 
operating directly from the 117-volt lighting circuit without 
requiring a transformer. Exceptions to the general rule are the 
1- type, which is operated from a 2-volt battery, and the 7- tubes, 
which are 6.3-volt heaters but with locktal bases. In a similar 
manner, 14- tubes have 12.6-volt heaters with locktal bases. 

The letter designations are of less help since they are assigned 
in sequence as the tubes are developed. Amplifier tubes usually 
are designated by letters from the beginning of the alphabet and 
rectifiers by letters from the end, but this practice is not consist¬ 
ently followed. The final digit is likewise not always informative. 
Hence, it is usually necessary to memorize the whole group and 
associate it with the tube characteristic. For example, type 6H6 
is a twin-diode (two diodes in one envelope) but a 6L6 is a 
pentode amplifier. But they both have 6.3-volt heaters. The 
6H6, 6H6-G, and 6H6-GT or 6H6-GT/G are all interchangeable 
electrically. 

Industrial-tube Designations. Only recently has an attempt 
been made to coordinate the designations of thyratrons or igni- 
trons. Only a few of the smallest thyratrons can use the receiver- 
tube bases and sockets because of the much greater current 
requirements of the larger sizes. The intermediate sizes use 
flexible leads and screw terminals whereas the largest sizes of 
ignitrons, which may pass thousands of amperes momentarily, 
require typically heavy bus structure. The smaller thyratrons 
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have glass envelopes; the medium sizes may be glass or metal; the 
largest thyratrons, ignitrons, and phanotrons are now almost 
always of metal with a double wall through which water flows 
to permit cooling. The largest high-voltage kenotrons (diodes) 
have glass envelopes with the anode brought out the top because 
of insulation requirements. The largest sizes of high-vacuum 
amplifier tubes are constructed so that the anode itself forms part 
of the wall of the tube and may be cooled by direct immersion 
in a water well, or the anode is provided with large radiating 
fins past which a blast of air may be forced for cooling. 

For many years tube manufacturers made industrial tubes to 
fit a specific application with little attempt to standardize designs. 
However, as the industrial use of tubes increased, it became 
evident that some standardization both in characteristics and 
designation was necessary. The newer designs of industrial tubes 
now have four-digit numbers a.ssigned in order above 5500. 
Because of the wide variety possible, no attempt has been made 
to code them as in the case of the RMA receiving tubes. A few 
of the older tube types in limited use still retain the manufac¬ 
turer’s distinctive numbering. 

On page 339 there is a cross-reference chart for some popular 
industrial-tube designations. 


Questions 

1. What are the advantages of the industrial ‘‘red’' tubes? 

2. Why should tubes be selected from the “preferred list’’ for new equip- 
iiHHit design? 

3. What is meant by an octal base? 

4 . How are tlie larger industrial-type tubes designated? 

5. What is the greatest objection to miniature all-glass tubes in indus¬ 
trial (‘f|uipments? 
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CHAPTER VII 


INSTRUMENTS AND METERS 

It has been some time since most of us studied the fundamentals 
of electricity and of the basic circuit components with which we 
deal every day. We are prone to think loosely of a resistor as 
something to dissipate heat, an inductance as something produc¬ 
ing a lagging power factor, which may be corrected by the use 
)f a capacitor, which, in some mysterious way, produces a leading 
power factor. Too often we think of a-c flowing through a 
capacitor as d-c flows through a resistor, without analyzing the 
detail of the action taking place. In dealing with electron-tube 
circuits many wave forms of both current and voltage are found 
which differ widely from the sine-wave a-c or the constant-voltage 
d-c with which we are most familiar. Hence, it is well to pause 
here to review briefly the fundamental nature of familiar items 
such as resistance, capacity, and inductance, when subjected to 
voltages and currents of an unfamiliar nature. 

Before discussing the voltages that may be impressed on circuit 
elements and the resulting currents, it is desirable to decide just 
how these voltages and currents are to be measured. 

In most electrical work we have used only two simple voltage 
and current forms: direct current, in which both voltages and 
(‘urrents are constant in direction and magnitude or, at least, 
change so slowly that the pointer of the instrument can follow 
the change; and alternating current, usually a relatively pure 
sine wave, reversing its direction completely twenty-five, fifty, 
or sixty times a second. 

The d’Arsonval, or Permanent-magnet, Instnunent. In order 
to read a direct current we use a permanent-magnet, or d’Arsonval, 
type of instrument in which the current to be read flows through 
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a coil to react with a fixed magnetic field, producing a torque 
that turns the coil a definite amount against the torque of a 
calibrated spring. The d-c voltmeter is simply an ammeter that 
measures the current flowing through a calibrated resistor and 
hence the voltage drop across it. 

Some of the better-grade d^Arsonval-type combination volt- 
meter-milliammeters, are now made with moving elements requir¬ 
ing only 50 microamperes or less for full-scale reading. This 
extends greatly their range of usefulness. 

If the instantaneous value of the current varies too rapidly for 
the pointer to follow, the instrument will read the average current. 
For example, on a pure sine wave the d-c instrument will read 
zero since the positive and negative current loops are equal. 

The RMS Instrument. For alternating current we must use 
a different type of meter, one in which the torque on the moving 
coil is in the same direction even though the current to be read 
reverses its polarity. To do this we replace the above-mentioned 
permanent magnet by a fixed coil in series with the first, and the 
magnetic field set up by this coil rea(*ts with the moving coil to 
give the requisite torque. 

This change accomplishes three things. First, it produces the 
desired result. As the current in the moving coil reverses, so 
do the current and the magnetic field set up by the series fixed 
coil, and the resulting torque drives the pointer upscale as before. 
Second, whereas the magnetic field was constant before, it is now 
proportional to the current that creates it. The torque from 
this field and from the current in the moving coil, both of which 
are proportional to the current being read, is thus proportional 
to the current times itself, or the square of the current. And 
since the current is usually changing its value and direction fairly 
rapidly, the pointer position is an indication of the average of 
the current squared. Third, since we should prefer the instru¬ 
ment to read amperes rather than amperes squared, we usually 
mark that position of the pointer as the square root of that 
average, or mean, square; hence the classification rooUrncan-square^ 
or ms, instrument. 

In the d-c instrument, reading average current, the smoothly 
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increasing torque acting against a spring permits the use of a 
linear scale, which may be read with equal ease along its whole 
length. The rms instrument, however, having a torque propor¬ 
tional to the current squared, would have a linear scale only if 
the scale were calibrated in current squared. Since the preferred 
scale is current, the divisions are no longer of equal size and the 
scale becomes crowded for the lower values. In some forms of 
meter the fixed and moving coils are placed in such a manner 
that the torque action is less effective for higher currents; they 
thus tend to minimize the spread at the high end, but the result¬ 
ing scale is only a compromise. Another defect of the rms meter 
consists in the amount of power required for operation. In the 
d-c instrument, the magnetic field of the permanent magnet is 
i.iade as strong as practical and the circuit under observation has 
CO supply only the losses of the small moving coil. In the rms 
instrument the circuit must also supply the power to create this 
magnetic field. For example, standard rms instruments may 
require 10 ma for a reliable full-scale reading, whereas d-c per¬ 
manent magnets used by electronic servicemen operate reliably 
on 50 microamp, or one two-hundredth of the former value. 
Small d-c meters with multiple scales requiripg only 1 ma for 
full-scale readings (so-called ‘TOGO ohm per volt^^) are quite 
small and inexpensive. 

Hot-wire and Thermocouple Instruments. Other types of a-c 
instruments depend on the heating effect of the current flowing 
in a known resistor. These types, such as the old hot-wire and 
the newer thermocouple instruments, are necessary at high radio 
frequencies but are rarely used for low industrial frequencies. 
Since the heating is proportional to the square of the current, 
these instruments also have nonlinear scales. 

Another form of rms meter uses a small inclined disk in place 
of the moving coil. Eddy currents in the disk produce the 
torque, but the reading is still that of current squared with the 
resulting nonlinear scale. 

Rectifier Instruments. A different way of obtaining an a-c 
instrument requiring little power for operation is through the 
use of a d-c permanent-magnet element and a rectifier bridge to 
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force the current through the meter in the same direction at all 
times. This type of instrument tends to read the average value 
of current away from zero and thus should have a linear scale. 
However, there may be distortion in the rectifiers since the dry- 
plate type is not efficient at very low voltages. Hence, it is not 
practical as an ammeter and is not reliable for voltages below 3 
or 4 volts. But such instruments are more sensitive than the 
rms type, reading full scale with a current of 1 ma. Their relia¬ 
bility is limited by the drift and aging of the rectifiers used. 
However, small size and sensitivity rmike them convenient for 
“trouble shooting^^ in the field. 

One peculiarity about rectifier a-c meters must be noted care¬ 
fully. Since they read average rather than rms and since the 
average and rms values of one-half of a sine wave are not equal 
(a ratio of 9 to 10 approximately), these meters are usually cali¬ 
brated in terms of the rms value of the equivalent sine wave 
rather than in the actual average value read. This moans that 
on d-c the instruments will read about 10 per cent high. 

Electronic-type Instruments. Of the electronic-type instru¬ 
ments, the peak voltmeter, as its name implies, reads the highest 
instantaneous voltage that occurs during the cycle. It may be 
calibrated directly in peak volts, or it may be calibrated to the 
rms value of a sine wave that has the peak value read. This 
type is often used to read radio-frequency voltages. It is easy 
to check the scale calibration if this is unknown. If the meter 
reads the same as a d-c meter when applied to the same d-c 
voltage, its reading is peak volts; if it reads about seven-tenths 
of the d-c value (the ratio of peak to rms on a sine wave), it is 
calibrated in equivalent sine-wave rms volts. It should then read 
the .same as another a-c meter or a sine-wave a-c voltage. 

Electronic d-c instruments of the slide-back and VoltOhmyst 
type may be considered regular d-c permanent-magnet instru¬ 
ments, reading the average d-c voltage but requiring an operating 
current of only a fraction of a microampere. Some types include 
a probe containing a rectifier so that a peak reading a-c volt¬ 
meter is obtained capable of reliable readings at frequencies of 
many megacycles. 
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Cathode-ray Oscillographs. The cathode-ray oscillograph is a 
versatile instrument. Not only does it equal any of the other 
instruments in sensitivity, requiring no more power than the 
electronic voltmeters, but the moving pen of the electron beam 
on its fluorescent screen shows all the details of the actual volt- 
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age wave shape without leaving so much to the imagination as 
in the case of any meter with a mechanical pointer. 

Comparative Instrument Readings. Let us pause to sum up 
briefly the reactions of the meters on standard wave forms (see 
Fig. 7.1). First take a fairly constant d-c voltage. The cathode- 
ray oscillograph, if built to read d-c (and all industrial cathode- 
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ray instruments should be so constructed), will show this voltage 
as a horizontal line displaced from the neutral axis. The d-c 
meter will read correctly, as will the rms meter if there are no 
strong d-c fields near. (If necessary, reverse the meter, and take 
the average of two readings.) The rectifier meter will read 10 
per cent high, and the peak meter may read only 70 per cent 
of the correct value. 

On an a-c sine wave, as shown by the cathode ray, the rms 
and rectifier meters will read correctly, the d-c meter will read 
zero, and the peak meter may read correctly or may read about 
40 per cent high. 

Therefore, it is especially important in using a meter on un¬ 
familiar wave shapes to realize just what is being read. The 
pointer on the scale may not point to the same value as that of 
another type of meter reading the same voltage. Yet both 
meters may be reading correctly, each in its own way. 

Questions 

1. If an oscilloscofx? indicates 60 volts peak for a voltage wave consisting 
of the positive half of a sine curve, what will a voltmeter calibrated for rins 
read when connected across this same voltage? 

2. Under the conditions of question 1, what will a d’Arsonval (d-c) volt¬ 
meter read? 

3. What will a d-c voltmeter read when connected across a totally dis¬ 
placed sine wave having a jK*ak value of 200 volts (e = 100 sin of — 100)? 

4 . What will a rms voltmeter read when connected across the voltage 
specified in question 3? 



CHAPTER VIII 


RESISTANCE AND CAPACITANCE 
RESISTANCE 

A pure resistance is the simplest component with which we deal 
since under all conditions it follows Ohm's law that the potential 
drop across the resistor (volts) is the product of the current 
flowing (amperes) and the resistance (ohms). This is because the 
electrical energy entering the resistor is immediately turned into 
heat and dissipated. It is important to note that no energy is 
stored in a form from which it can be returned again as electrical 
energy. Therefore, in pure resistance the form of the current 
wave follows that of the voltage instantly and exactly, and as 
soon as the circuit is broken, the voltage across the resistor and 
the electrical energy within it drop immediately to zero. Since 
a resistor must have a physical size and shape, it must also show 
some slight inductive and capacity effects, but in a properly made 
resistor these are negligible at the frequencies normally found in 
industrial use. 

Resistor Sizes. The size and shape of the resistor depend on 
the heat to be dissipated and the number of ohms (see Fig. 8.1). 
Resistors vary from the large cast-iron or alloy grids capable of 
dissipating kilowatts, to coils of nichrome or other resistance wire 
wound on ceramic spools and covered with an enamel or plaster 
binder, and down to the smallest sizes, which may be rods of a 
carbon mixture or thin glass rods coated with a carbon solution 
and encased in plastic. The last types may be only in. in 
length and in. in diameter and may dissipate only % watt or 
so, but they may have a resistance of several megohms. These 
small resistors are usually connected into the circuit by solder¬ 
ing the tinned copper wire leads molded into the resistor ends. 
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Modem mass-production methods have made it possible to pro¬ 
duce them very cheaply so that they are used extensively in 
electron circuits. The numerical color code used for small resistors 
is included in Appendix I. 
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Fig. 8.1. Some resistor types used in industrial electronic control. 
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Capacitors (Fig. 8.2) are sometimes called “condensers.” They 
consist essentially of two sheets, or plates, of a conducting material 
separated by a layer of an insulat -r, or dieledric. If a battery 
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Fig. 8.2. Some capacitor types used in industrial electronic control. 
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is connected to apply a potential between the two plates, the 
electrostatic field set up by the attraction between the positive 
and the negative plate will tend to create a strain in the dielectric 
material. (If the strain is too great, the dielectric will be rup¬ 
tured, an arc will jump between the plates, and the capacitor 
may be ruined.) In order to produce the electrostatic field the 
battery potential draws electrons from the positive plate and 
adds an equal amount to the negative plate in a so-called ^ Charg¬ 
ing current.” If the battery is then removed, the electrons will 
remain trapped as they are, and the dielectric will remain stressed. 
The potential between the plates will remain at battery potential. 

Energy Storage. Energy is stored in the capacitor equal to 
the product of the battery voltage and the ampere-seconds of 
charging current that flowed. If the insulation of the dielectric 
were perfect, the energy might be kept stored in this state as 
long as desired. It may be released at any time by joining the 
opposite plates by any continuous electrical circuit. At the in¬ 
stant that the circuit is completed, a voltage equal to the original 
battery voltage will appear across the circuit. However, as the 
capacitor gives up its energy, or becomes discharged, neutralizing 
the electron charges of the positive and negative plates, the volt¬ 
age between the plates dies down to zero. If the discharge 
circuit is opened before the capacitor has become completely dis¬ 
charged, the remaining charge may again be retained indefinitely. 
A good mechanical analogy is the flexing of a spring, as in the 
action of winding a watch. 

It is obvious that if the battery potential were reversed the 
charging and di.scharging currents of the capacitor would be the 
reverse of the above. Also, the time required to discharge 
the energy in the capacitor is proportional to the impedance 
of the discharge circuit, since if the impedance of any circuit 
is decreased the current rises proportionately and, for a given 
voltage, the energy consumed per unit time increases. 

Let us stop a moment and review the simple capacitor action 
described above. The capacitor is a device for storing electric 
energy. This energy is applied as a voltage between the plates 
and is stored as a stress in the dielectric. There should be no 
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electron (current) flow through the dielectric between the plates. 

Capacitor Currents. If the application of voltage or the dis¬ 
charge is made suddenly through a circuit of low impedance, very 
high currents may flow. If the potential source is such that the 
voltage applied to the capacitor is changed slowly and smoothly 
(as from a sine-wave a-c voltage), it will be found that the charg¬ 
ing and discharging currents are proportional to the rate of change 
of voltage. If, indeed, we take the sine wave as an example, it 
will be noted that the value is increasing or decreasing fastest 
at the instant that the numerical value is zero and that the rate 
of change is least (zero) when the numerical value is most posi¬ 
tive or negative. Hence, if the current flow to and from the 



Fig. 8.3. Capacitor current on sine-wave a-c. 
capacitor plate is plotted as a function of rate of change and 
compared with the sine voltage curve, it will be seen that it seems 
to form a similar sine wave displaced 90 deg ahead of the voltage 
(Fig. 8.3). But it must be remembered that the similarity of 
the voltage and current waves is a coincidence which occurs only 
in the case of a sinusoidal wave form of voltage. If the voltage 
wave form had been different, for example, a square wave, the 
current, obeying the rate-of-cliange law, would have been of an 
entirely different shape from the voltage wave (Fig. 8.4). When 
circuits are completed quickly, as when a switch is thrown or, of 
more interest to us, when a thyratron or ignitron is ^^fired,^^ a 
large current may flow owing to the rapid rise in voltage. The 
irregular voltage wave produced by amplifying the results of the 
variation of light striking a phototube produces an interesting 
wave form of current when used to charge a capacitor. 
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The energy stored in the capacitor is proportional to the 
product of the square of the voltage between the plates and a 
term called the capacityj determined for any capacitor from the 
area of the plates, the distance between them, and the material 
of the dielectric. In order to express the energy in work units, 
or joules, corresponding to the usual units of volts, amperes, and 
seconds, the capacity must be expressed in farads. However, 
the farad is such a large quantity that we ordinarily use the 
millionth part of it, the microfarad^ in most of our work. Also, 
since it is extremely difficult and expensive to build a capacitor of 
a capacity of even a small fraction of a farad, it becomes neces¬ 
sary to resort to high voltages to store an appreciable amount of 



Fig, 8.4. Capacitor current on trapezoid voltaKC wave. 

energy in a capacitor such as might be compared with the chemi¬ 
cal energy in a battery or the kinetic energy in a rotating wheel. 
On the other hand, the high efficiency of the capacitor is shown 
in its ability to return, whenever needed, a high per cent of the 
energy stored in it. The energy is instantly available. Some¬ 
times the availability of the energy as a high electric voltage is 
quite useful. A final advantage is the capacitor\s apparent ability 
to permit the transmission of a surging and receding alternating 
current while holding back the flow of a unidirectional, or direct, 
current. This important phenomenon will be taken up later 
under Amplifiers (page 150). 

Electrol]rtic Capacitors. The physical size and shape of the 
capacitor vary even more than those of the resistor. Different 
forms are the small bakelite encased blocks the size of a postage 
stamp, having mica for the dielectric; the familiar tubular, or 
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“firecracker,” type, having a waxed-paper dielectric; and the 
large high-voltage types filled with oil or a special fireproof liquid, 
such as askarel (Pyranol, Dykanol, Inerteen, etc.), that impreg¬ 
nates the paper between the plates of metal foil, usually aluminum. 
A very interesting form is the electrolytic capacitor in which a 
large capacity is assembled into a small volume (Fig. 8.6). It is 
usually of the 'polarized type; one plate is always negative and 
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Fir,. 8.5. Electrolytic capacitors and greatly cnlargcid cross section. (Note 
plug-in type for easy replacement.) 

the other always positive. The positive plate is the usual alumi¬ 
num foil, often etched mechanically or chemically to present the 
maximum possible surface. The negative plate is a cloth satu¬ 
rated with a special solution composed of a hydroxide that under 
the action of a polarizing d-c voltage gives up hydrogen atoms 
to form a very thin hydrogen-gas layer between the conducting 
solution (the negative plate) and the foil positive plate. Although 
the construction sounds simple, it has taken years of research 
and development to produce the reliable and long-lived electro¬ 
lytic capacitors of the present day. 

The electrolytic capacitor is used principally in d-c potential 
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supply filters, where its large storage capacity assists in main¬ 
taining a practically constant potential in spite of moderate a-c 
requirements. In some cases two electrolytic-capacitor structures 
have been assembled effectively in a series to form a non-polarized 
capacitor for use where a large capacity is needed for short-duty 
cycles, as in starting split-phase motors, etc. 

Other Dielectrics. Spurred on by the wartime demands for 
smaller and more efficient high-voltage, low-capacity units, the 
industry developed two new forms of dielectric material which 
show considerable promise. The first is a film of synthetic plas¬ 
tic, one trade natne of which is Electrofilm. Since it is extruded 
in a continuous sheet, it is fairly free from the holes and varia- 



Fio. 8.6. A small variable capacitor with air diehfctric. 

tions in thickness inherent in a paper dielectric. The second 
development is that of ceramic dielectrics such as barium titan- 
ate (BaTiOa), which has a dielectric constant 1500 times that of 
air. Thus, while the ceramic dielectric cannot be made as thin 
as the film of paper types, the high dielectric constant largely 
compensates for the increased thickness, and the high insulation 
and breakdown characteristics are valuable. 

Capacitor Sizes. As the capacity depends on the nearness of 
the two plates, most capacity values are made in a reasonable 
physical size only by using a very thin dielectric and sandwiching 
a number of plates in parallel. An attempt to vary the capacity 
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of a capacitor by moving the plates toward and away from each 
other is feasible only in the smallest values. The most common 
form of capacitor for frequent adjustment consists of semicircular 
plates mounted on a shaft that may be rotated to interleave the 
plates with similar fixed plates (Fig. 8.6). For capacitors that 
are adjusted infrequently a form has come into use in which one 
of the plates is closed down on the other (protected by a sheet 
of mica) just as the cover is closed on a book. Another develop¬ 
ment in the smaller sized capacitors is the use of special ceramic 
dielectrics that change their dielectric constant, some positive 
and some negative, with a change in temperature and that thus 
may be used to compensate for changes due to heating in other 
parts of the circuit. 


Questions 

1. Draw three graphical symbols for a rt'sisior. Which is preferred in 
i rid list rial elect I’oiiic circuits? 

2. What is the resistance of a small resistor having the following color 
bands: (a) n^d, yellow, yellow; (6) green, brown, orange, gold; (c) black, 
blue, brown, silver; (d) brown, black, blue? 

3. Draw three graphical symbols for a capacitor. What is the preferred 
symbol for both industrial an<l radio work? 

4 . What are capacitors oft(‘n called by radio technicians? 

5. Name three commonly used dielectrics and give an advantage for each. 

6. Describe the action of an electrolytic capacitor. Where is it most 
commonly used? 

7. Nam(‘ a dit‘lectric material especially suitable for high-voltage, small- 
capacity ust* and explain its advantage. 
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The capacitor is a device that stores energy friven in Mjc form 
of electric voltage or potential. The induetanee is a (Jeviee that 
stores energy given in the form of an electric current. 1 he 
capacitor stores the energy in the form of stress in the dielectric. 
The inductance stores the energy in its magnetic field. In the 
case of the capacitor it is neces.sary to add or subtract energy in 
order to change the voltage across the capacitor. In the case of 
the inductance, energy must be added or subtracted to change 
the current flowing in the magnetic circuit. The capacitor once 
charged can retain its charge for long periods of time without 
loss of energy. The inductance, unfortunately, is not so efficient 
a device, for while it will attempt to retain its current flow for 
a short time, a few seconds at most, the heat generated by the 
flow of the current through the resistance of the conductor quickly 
saps the energy in the circuit. A mechanical analogy of the 
inductance is the inertia of a flywheel or a sliding block, where 
friction repre.sents resistance. 

If a potential is applied suddenly to an inductive circuit in 
which current is flowing, the potential across the inductive circuit 
will immediately become the same as that of the applied potential. 
However, there will be no sudden change in the current flow. 
The change will be comparatively slow and, as might be expected, 
will at first be proportional to the applied potential. As the 
current changes, the drop of potential due to the resistance will 
gradually increase to absorb the potential difference. In the 
intermediate stage, part of the potential difference will be balanced 
by the IR drop, and the remaining potential will be available to 
produce a further current change (Fig. 9.1). 
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Inductances on D-C. If an inert inductive circuit is con¬ 
nected to a battery or other source of potential, the current will 
build up slowly from its zero value, as the energy is absorbed in 
the magnetic field. But once the current has started to flow, any 
attempt to stop the flow by 
interrupting the circuit must 
take into account the energy 
stored in this field, which must 
be dissipated before the cur¬ 
rent will cease. If there is little 
resistance in the circuit, mo>t 
of the energy must be lost in 
the arc formed at the point 
of circuit interniption. This 
recovered energy appears as 
heat. Since the current cannot be stopped suddenly any more 
than it can be started suddenly, the current that was flowing 
just before the circuit was broken will continue to flow imme¬ 
diately thereafter no matter how high the inductance of the 
circuit must force the potential across the break to ensure the 
flow of current. Since there is a definite amount of energy 
available, if a high potential is required the energy will be more 
quickly expended. 

It is sometimes not appreciated what extreme values of poten¬ 
tial can be produced in disconnecting highly inductive circuits 
supplied from comparatively low-voltage d-c sources. Many of 
us are familiar with the tremendous energy available when a 
circuit including a strong magnetic field, such as a shunt field on 
a large d-c motor or a large d-c magnet, is opened. If an attempt 
is made to open such a circuit quickly when a heavy current is 
flowing, the potential across the coil may build up to such a 
value that the insulation between the opposite ends, or even 
between some sections of the coils, may be broken down to form 
an alternate path for the current. 

To prevent this destructive action, highly inductive circuits 
are usually protected by a parallel resistance through which the 
current may flow until the energy is dissipated. Since if this 





Fig. 9.1. Inductance current pro¬ 
duced by a square-wave voltage pulse. 
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resistance were left in the circuit at all times it would tend to 
waste power from the supply source, a special switch is often 
used to connect the resistance into the circuit just before the 
power circuit is broken. 

A special form of resistor called Thyrite is also used. This 
material has the unique property of having a resistance that de¬ 
creases as the potential across it increases. In one form, as the 
applied voltage is doubled, the current increases about sixteen 
times. So, if across the coil a discharge resistor of this material 
that normally passed one-sixteenth the normal coil current were 
connected, when the circuit is broken the voltage across the coil 
due to the inductive surge will be limited to only twice the normal 
applied voltage. On the other hand, if the coil insulation will 
permit a voltage of four times normal to be produced, it is clear 
that the stand-by lo.ss in the protective Thyrite resistor will he 
small, only }io6 the normal coil current. 

Energy Exchange between Inductance and Capacitor. Another 
and very interesting method of hantlling the released energy of 
the inductance is to connect a capacitor in parallel. When this 
is done, the inductance current is diverted to charge the capacitor. 
Here we have an effect quite different from that occurring when 
a re.sistor is used. The resistor changes the energy to heat and 
radiates it. The capacitor has only received the energy and 
stored it in electrostatic form to be returned again to the circuit. 
This interchange of electromagnetic energy and electrostatic 
energy is an important action and will be discussed in much 
greater detail later (page 120); for the present it will suffice to 
state that the capacitor, once charged, will discharge again through 
the inductive circuit, starting a current flowing which will create 
a magnetic field, thus again storing energy in the electromagnetic 
form. Since the current flow at the capacitor terminals on dis¬ 
charge is naturally in the reverse direction from the charging 
current, the current flowing in the inductance is now reversed to 
its previous flow and as the capacitor becomes discharged the 
magnetic field will be built up with opposite polarity to that 
previously found. Then, as the current continues to flow and 
the capacitor is again charged, it also will be charged in the oppo- 
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site direction. Once more the capacitor discharges, sending 
current through the inductance in the same direction as that of 
the current which first flowed through it, and the whole cycle is 
repeated. Each time current flows in the circuit, the resistance 
losses take their proportional toll of the energy until eventually 
it is all absorbed. If the resistance of the circuit is .small com¬ 
pared with the energy in the circuit to be absorbed, a large number 
of these oscillations will occur and the circuit is said to have a 
low decrement or to be poorly damped. If, on the other hand, 
the resistance is high, the oscillation is quickly damped out and 
the circuit has a high decrement (Fig. 9.2). 



Fkj, 9.2. KfToot of a jiarallol capacitor on the circuit of Fig. 9.1. 


There are two important point^s to remember in using a capaci- 
b'r in this manner. (1) The capacitor must be large enough to 
store the energy transferred to it by the inductance. (2) There 
must be sufficient resistance in the circuit between the power 
source and the capacitor to limit the charging current to the 
capacitor when the power is applied to the circuit. Often a small 
resistor is placed in series with the capacitor to limit the charging 
current to a safe value. It also permits a higher decrement in 
the discharging oscillations although, of course, at the cost of a 
higher generated potential across the inductance, which must now, 
at the instant of circuit interruption, force the normal inductance 
current across the resistance and capacity in series. 

The Current in an Inductance. If the resistance of the circuit 
could be neglected, the current flowing in a closed inductive cir¬ 
cuit would continue to flow indefinitely at the same value without 
the application of any potential. If a potential is applied, the 
current will increase at a rate proportional to the added potential. 
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Note that nothing iis said about the maximum value that the 
current might reach because, theoretically, with no resistance the 
current would continue increasing without limit, the energy from 
the power source being converted into a stronger and stronger 
magnetic field. If, say, the potential applied were 2 volts instead 
of 1 volt, the current would simply increase twice as fast. (Need¬ 
less to say, in any practical circuit the IR drop soon rises to a 
value that balances the applied potential.) This gives us a unit 
in which to measure an inductance. Accordingly, we say that 
in a circuit containing inductance only, if the application of 1 
volt of potential causes the current to rise at the rate of 1 amp 
a second, that circuit has an inductance of 1 henry. Although 
some inductive elements, often called “reactors^' or ‘^chokes,^’ are 
made having a value of many hundred henrys, others are also 
made of such a low value of inductance that we find it con¬ 
venient to express their inductance in millihenrys, the thousandth 
part of a henry, and microhenrys, the millionth part of a henry. 
Every electrical circuit has some inductance. 

Inductance Sizes. As in the case of the capacitor, where the 
size and energy-storage value were expressed not only in the 
microfarads capacity but also in the voltage that might be safely 
applied without breakdown, the size and energy storage of an 
inductance is measured by both the henrys inductance and the 
current that it may safely carry. The current is not entirely 
limited by the inductive storage of energy (which is in the mag¬ 
netic field and not in the conductors); it may be limited princi¬ 
pally by the heating of the conductors due to their resistance. 
Hence, it is possible for an inductance to have a short-time current 
rating much higher than its continuous rating. 

Iron Cores—Saturation. We know that if we provide an iron 
path for the magnetic field created by the inductive circuit the 
magnetic flux is increased many times. The henry inductance 
of a well-designed iron magnetic-path inductance may be hun¬ 
dreds of times that of a similar coil with the iron removed. How¬ 
ever, if the current and flux are increased too much, the iron 
path begins to ‘^saturate’' and the gain in inductance due to the 
presence of the iron begins to decrease until at extremely high 
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values the additional current produces no appreciably greater flux 
than if the magnetic circuit were air. Needless to say, for most 
uses where efficiency is important the inductance is designed so 
that the flux does not reach the saturation point, although 
operating at or beyond the saturation point creates some inter¬ 
esting control possibilities that will be mentioned later (pages 
105 to 109). 

Inductance of Sine-wave A-C. We have discussed what hap¬ 
pens when a potential is suddenly applied to an inductance. Let 
us consider now a slowly changing potential and its effect on 
the current flowing. Suppose we take a simple sine wave of 
voltage, starting from zero to a maximum in one direction and 




Fk;. 9.3. Inductance current on a-c initial transient. 

then reversing through zero to the maximum in the opposite 
direction. Let us assume that the circuit is entirely inductive 
and that no current is flowing. As the voltage starts from zero, 
the current will increase slowly at first; but as the potential 
increases to its maximum, the current will tend to increase faster 
until as the potential reaches its peak at the 90-deg point of the 
cycle the current will be increasing at its most rapid rate. As 
the voltage recedes toward zero, but is still positive, the current 
will continue to increase though at a slower and slower rate until 
as the voltage has reached zero, 180 deg in the cycle, the current 
value has reached a peak value. 

Next, as the voltage reverses and begins to increase in the 
negative direction, its effect is to cause the current to increase in 
the negative direction at a rate proportional to the applied volt¬ 
age; but since we already have current flowing in the positive 
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direction, the actual effect is to reduce that current at a rate 
proportional to the applied voltage. As the voltage reaches its 
maximum negative value, 270 deg in the cycle, the current will 
be decreasing at its most rapid rate. Finally, as the cycle is 
completed and the voltage returns to zero, the rate of change of 
current will again drop to zero (Fig. 9.3). Since the positive and 
negative voltage loops were symmetrical and equal, equal forces 
have been acting during the first half cycle to increase the cur¬ 
rent and during the second half to decrease the current. At the 
end of the cycle the current should have the same value it had 
at the beginning, or in this case, zero. 

Current Wave Shapes. It is true that the above description 
of the current wave produced by a sine voltage impressed on an 

inductance does not correspond 



(‘lo.sely to our usual conception 
of a 90-deg lagging current. 
Rut suppose, instead of start¬ 
ing with zero current at the 
instant at which the voltage 
passes through zero, going pos¬ 
itive, we start with a current at 


Fic;. 0.4. IiKluctaiicc current on a-c 
steady state. 


its maximum negative value. 
The current wave will have 


the same shape as before htit now will be placed symmetrically 
with respect to the zero-(*urrent axis and will pass through zero 
halfway up in its positive rise, which is at the instant at which 
the voltage has reached its maximum peak (Fig. 9.4). Thin is 
the lagging power-factor inductive current wave with which we 
are familiar. It must be remembered, however, that this is only 
one of the family of possible curves of the inductive current, all 
of the same shape but displaced vertically depending on the cur¬ 
rent flowing at the beginning of the impressed sine wave. 

The vertical position (d-c component) of the inductive current 
wave may be determined in another way. Suppose that no cur¬ 
rent is flowing in the inductance and a sine voltage is suddenly 
applied by closing a switch or permitting a thyratron or ignitron 
to conduct, not at the beginning of the cycle, but sometime later 
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on when the voltage has already reached a finite value. The 
answer is still the same. The current will, of course, start from 
zero at the instant at which the switch is closed but from then on 
will take the same shape as under the other conditions (Fig. 9.5). 

If the circuit is completed through a thyratron or other recti¬ 
fier, the current will cease flowing when the zero axis is again 
reached; but it is apparent that the current wave will always be 
symmetrical about the point on the time axis where the voltage 
changes from positive to negative. Previous to this time the v(jlt- 
age acts to increase the current; afterward it acts to decrease it. 



Steady-state Conditions. In order not to confuse the reader 
who knows from experience that in normal a-c circuits, where the 
current in the inductance has been flowing for a sufficiently long 
time to ensure stable conditions, the current wave form is a sine 
wave symmetrical about the zero axis and displaced 90 deg 
behind the voltage, the above discussion has dealt only with the 
theoreti(‘al pure inductance. In any practical inductance there 
wilt be some resistance, and if there is an iron magnetic path, 
there will be eddy-current tos.ses in the iron. These losses natu¬ 
rally will always act to decrease the current so that, no matter 
how far displaced from the axis the average of the initial cycle 
is found, the losses wilt soon absorb the excess energy on the 
predominant side until the curve is pulled down symmetrical to 
the axis and the losses are supplied equally by the positive and 
negative voltage loops. How quickly symmetry is reached de- 
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pends on the ratio of the energy that may be stored in the induct¬ 
ance to the losses in the circuit. If the losses are small, it will 
take a much longer time to absorb the unbalanced energy. 

A Rectifier Is Added. If a rectifier is inserted in the circuit, 
it will prevent the reversed current from flowing and hence open 
the circuit during that part of the cycle after the negative loop 
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Fig. 9.6. Inductaiiccs usrd in industrial cN'ctronic control. 


of the sine voltage has reduced the positive current to zero, thus 
tending to maintain the unsyrnmetrical wave form (Fig. 9.5). 
Various aspects of this action will be taken up later (page 118). 

Forms of Reactors or Inductances (Fig. 9.6). The size and 
shape of inductances (reactors or chokes) vary almost as much 
as those of capacitors. The important factors are the required 
henrys inductance and the current to be carried. Inductances 
for the lower frequencies, which include frequencies up to the 
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radio intermediate value of 500,000 cycles, use iron cores to 
provide a more efficient magnetic path. The smaller sizes are 
air-cooled, though generally varnish-impregnated or sealed in a 
can full of pitch for protection against moisture. The larger sizes 
are usually mounted in a tank of oil for cooling and for insulation. 
Because of the high voltages that may appear across the induct¬ 
ances when an attempt is made to interrupt the circuit suddenly, 
the coils should be properly insulated. Thyrite or spark gaps 
are placed in parallel with large inductances for protection. 

Questions 

1 . Draw three graphical symbols for an inductance, indicating which are 
preferred for industrial use and which for radio. 

2. What is the difference in energy storage in an inductance at the instant 
that the current rises to one ampere when the power supply is a-c and when 
it is d-c? 

3. Two amp('res flow through an inductance in parallel with which is a 
resistor of 10 ohms. The external circuit is suddenly interrupted, (a) What 
is the initial voltage across the resistor? Indicate polarity. (6) Assuming 
that the resistor is 100 ohms, what will the initial voltage be? (r) If the 
resistor is Thyrite with 100 ohms n'sistance for 1 ampen* flow, what is the 
initial voltage? 

4 . What is meant by a dam|K*d o.scillatory circuit having a “low 
decrement”? 

5 . Is more total energy stored in an iron-core inductance which is satur¬ 
ated or in the same inductance unsaturated? Why? 

6. If a sine-wave a-c voltage is applied to a pure inductance at the instant 
the voltage wave crosses zero, how will the peak value of current compare 
with that under steady-state conditions? 



CHAPTER X 


TRANSFORMERS AND MISCELLANEOUS COMPONENTS 

Transformers (Fig. 10.1). The transformer is fundamentally a 
device for transferring electrical energy from one circuit to an¬ 
other through the medium of a magnetic circuit. If the circuit 
that normally receives the energy, usually called the secondary^ 
is open, the energy-supplying circuit, the primary, transfers energy 
to the magnetic circuit and then receives it back at a later part 
of the cycle, thus acting exactly as an inductance, and may be 
so considered in circuit analysis. However, there is the one 
difference that a voltage appears across the secondary terminals. 
Theoretically this is of little importance since no current flows 
and no work is done. If the turn ratio is high, however, this 
voltage may be so high that the insulation will be broken down 
and damage will result. 

Secondary Volts and Current If the secondary of the trans¬ 
former is loaded with a resistive, capacitive, or inductive load or 
a combination of these, the load will respond to the induced volt¬ 
age of the secondary in its characteristic manner, permitting a 
current to flow. This current tends to reverse the magnetizing 
effect of the primary current; so additional primary current must 
flow to maintain equilibrium. Thus, the total primary current 
will l)e a combination of the magnetizing current and the load 
current reflected from the secondary. Sin(‘e the transfer of energy 
between primary and s(H*ondary takes place through the mag¬ 
netic circuit and since the magnetomotive effect is a product of 
ampere turns (amperes X turns), if the turns of primary and 
.secondary differ, the load currents must vary inversely, that is, a 
winding with twice the turns will require half the current. Like¬ 
wise, since each turn of wire, whether primary or secondary, links 
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the yame amount of changing magnetic flux, the ratio of primary 
to secondary volts will be directly proportional to the number of 
turns on each winding. 
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Fuj. 10.1. Tniiisformers us^hI in industrial electronic devices. 


So far we have assumed that the magnetic circuit was capable 
of responding effectively to the magnetizing action of the primary. 
But suppose the magnetic circuit is inadequate and tends to 
saturate above a partial value of primary magnetizing current. 
This means that not only does the primary current rise rapidly 
owing to the drop in the inductive effect but also that the energy 
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which can be transferred to the secondary is definitely limited. To 
express this in another way, the magnetic flux is proportional to 
the ampere turns in the primary until saturation occurs, when the 
ratio of flux to current decreases rapidly. And since the induced 
voltage in the secondary winding is proportional to the rate of 
change of the magnetic flux cutting it, as saturation slows down 
the growth of flux the secondary voltage must suffer accordingly. 
When the magnetic circuit has become completely saturated, the 
primary current can change greatly and produce little voltage 
in the secondary (Fig. 10.2). 



Effect of Saturation. Let us see what this means in practical 
cases. Suppose a transformer, designed so that the magnetic 
circuit will not quite saturate when normal rated a-c voltage is 
applied to the primary, is connected to that same voltage in series 
with a rectifier. If current first flows in the circuit at the begin¬ 
ning of the positive half cycle, it will be remembered from our 
discussion on inductances that the primary current will tend to 
rise to twice the normal steady-state value found on a-c cir¬ 
cuits—that is, it would if the inductance remained constant. But 
as the magnetic circuit saturates, the inductive effect drops rapidly 
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and the primary current rises very high, often damaging the 
transformer. One solution for this trouble is, of course, to delay 
the current's starting until later on in the cycle by the use of a 
controlled rectifier such as a thyratron or ignitron. If we so fire 
the thyratron that the current starts at the point in the cycle at 
which it would normally reverse if no rectifier were used, there 
will be no unusual saturation and the 
transformer will act, for that half cycle 
at least, in its normal manner. If a second 
thyrat ron is now placed reversed in paral¬ 
lel with the first to conduct the other 
half cycle and is also phased back to the 
proper phase angle, the two thyratrons 
together will form a switch that will 
permit energizing the transformer without 
any undesirable transient effects (Fig. 

10.3). This is better than can be done with a mechanical switch, 
or circuit breaker, which is too cumbersome to be closed at such 
a precise point in the cycle. 

Residual Magnetism. Again it must be remembered that while 
in designing transformers we strive to use iron for the magnetic 
circuit which will retain as little as possible of its magnetism after 
the magnetizing current is removed, this residiiaUrnagnetism effect 
is present to a certain extent in all iron. Hence the energy trans¬ 
ferred to the secondary for the first half cycle after the circuit is 
completed will differ somewhat, depending on whether the last 
previous half cycle before the circuit was interrupted has been 
in the same direction and has left a residual magnetism that per¬ 
mits the magnetic circuit to saturate more easily or whether it 
has been in the opposite direction. The latter would make 
it possible for the flux to be reversed and then built up in the 
opposite direction, allowing a greater transfer of energy. 

Peaking Transformers. We sometimes use the saturating effect 
to good advantage. We may wish to drive the grid of a thyratron 
positive for only a small part of the a-c cycle instead of for half 
the time, as would be normal on a sine-wave circuit. If we force 
through the transformer many times more primary current than 
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Fkj. 10.3. Inverse-parallel 
thyratron.s. 
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is needed for saturation, we find that a voltage can be induced 
in the secondary only during the very short time in which the 
flux is swung from the saturated condition in one direction to the 
saturated condition in the other direction. During the saturated 
periods almost no voltage will be induced (Fig. 10.4). 



Fio. 10.4. The principle of the 8aturale<l peakini? traii.sforiner (tlu; series 
impeclance may be inductance or resistance). 


It is usually practical to limit the primary current to a value 
not too much greater than the saturating value by means ot a 
.series resistor or unsaturated reactor to prevent waste of power 
and undue heating of the peaking transformer. Sometimes the 
series reactance effect is built into the transformer by permitting 
only that portion of the magnetic circuit on which the secondary 
is wound to become .saturated. Needless to say, a peaking trans¬ 
former is not particularly efficient; but the output required of it 
for grid excitation is never very large. 

Saturable Reactors. Another device by means of which we 
make deliberate use of the saturating effect for loads both large 
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and small is the saturable reactor. Here we take an inductance, 
or reactor, with an iron core that would normally permit only 
a small current to follow for a given impressed a-c voltage and 
deliberately saturate the core by winding on it a coil through 
which d-c is passed. This decreases the inductive effect for the 
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FOUR-LEGGED SATURABLE REACTOR 
FifJ. 10,5. Saturable reactors. 


a-c also and permits a much greater current to flow (Fig. 10.5). 
Since, once the d-c has built up to its full value, the losses in 
this circuit are only slightly more than the resistance heat losses, 
it is possible for a small amount of d-c energy to control many 
hundreds of times as much a-c energy in the other winding. 

The construction of the saturable reactor is not so simple as 
it at first appears. If the d-c winding were added as a trans¬ 
former secondary might be, tlie voltage induced in its many turns 
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might be extremely high. Therefore, the a-c winding is split 
into two parts arranged so that their effect on the d-c winding 
will be neutralized. 

Saturable reactors have been built that obtain control from a 
few microwatts d-c. Others can control as high as 32 kva a-c 
from a d-c input of only 20 or 30 watts. They have also the 
desirable feature of permitting the a-c and d-c circuits to be 



Fig. 10.6. of saturation on chan^t* <>f flux and inductaiu r in a aaturai>lc 

reactor (note maximum distortion at h). 


insulated from each other. Either winding may be wound with 
a large or small number of turns as best suits the voltage and cur¬ 
rent available. The four-legged type shown, although more exptni- 
sive to build than the three-legged type, is more efficient because 
of the better coupling between a-c and d-c magnetic paths. 

The disadvantages of saturable reactors are as follows: First, 
since they depend for their control action on a d-c inductive 
circuit, they are inherently slow. Speed of response can be 
obtained only at the expense of efficiency. Second, sincre the 
magnetic saturation is more effective for the maximum currents 
at the peak of the cycle than for the smaller currents near the 
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reversal point, the control is not truly linear and the harmonics 
introduced into the load circuit may be objectionable for some 
types of load. As might be expected, the harmonics are most 
troublesome at about the middle of the control range, where the 
effect of saturation is not apparent too early in the cycle (Figs. 
10.6 and 10.7). If the series load impedance is low enough, the 
rush of a-c current at saturation will maintain the saturation 
until the end of the current cycle, even though the d-c current 
ceases. 



The chief use for the saturable reactor has been in the control 
of incandescent lighting and electric furnaces where the current 
wave shape has not been a factor and the saving in the kilowatts 
lost in the reactive control over the usual rheostat control has 
been considerable. The fact that the d-c for the saturable reactor 
may be produced and controlled by electronic means is the prin¬ 
cipal reason for our interest in its use. 

Magnetic Amplifiers. When a-c power was adapted for the 
largest airplanes, the frequency of 400 cycles was chosen because 
of the smaller size and weight of the transformers and reactors 
required. (For a given amount of iron and copper only a definite 
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amount of energy may be transferred at each cycle. Hence the 
higher frequency means a smaller physical unit for each power 
rating.) However, the availability of high frequency for use with 
saturable reactors opened many new possibilities for control appli¬ 



cations for which the 60-cycle reactor was 
much too slow. By using the rectifier output 
of one reactor to saturate the next and by 
feeding back some rectified output current to 


reinforce the control circuit, considerable am¬ 




plification may be obtained with a speed of 
response adequate for many servo and regulat- 


Fig. 10.8. The bat¬ 
tery and equivalent 
electrical circuit. 


ing applications. But the speed of response 
cannot compare with that of electron tubes; 
so it is expected that magnetic amplifiers will 


supplement rather than replace electronic amplifiers. 
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Batteries (Fig. 10.8). A battery may, for transient loads, be 
considered as a constant-potential source of direct current. In 
this respect it acts like a capacitor of almost infinite capacity. 
But a battery also has a certain amount of internal resistance. It 
Ls thus necessary to add to the theoretical capacitor a little series 
resistance in order to duplicate more nearly the reaction of a 
battery to the varied application of current and voltage. 

Direct-current Motors and Generators (Fig. 10.9). The d-c 
motor or generator of the shunt, or separately excited, type also 
has a generated emf due to the rotation of 




its armature, which tends to hold a constant 
potential at its terminals in spite of the 
demands of the external circuit. This is a 
typical capacitor response. The armature 
circuit also has some resistance and induct¬ 


ance, which require the addition of a small 

Fig. 10.9. The d-c resistor and inductance in series with the 
generator or motor ri .. j.i.« • j 

and equivalent elec- generated emf when its output IS Viewed 

trical circxiit. from an external circuit. The ampltdyne is 
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simply another form of d-c generator with multiple-field coils. 
Because the control fields have a relatively small inductance and 
require little power, it is possible to obtain rapid response for 
control. 

Hence we have three components of widely differing appear¬ 
ance that react similarly to any given outside circuit. All are 
inherently constant-potential devices and must give or receive 
energy to produce a change in potential. The capacitor can store 
relatively little energy in the electro.static form but, because its 
internal lo.s.ses are low, can give it up extremely rapidly. The 
energy in the battery is stored in chemical form, and thus for a 
given amount of material the battery can store many times the 
energy in the capacitor. However, the battery's internal losses 
a id stand-by losses are much greater than those of the capacitor. 
A given battery can store energy at but one potential, whereas 
the potential charge on a capacitor may be set at any value 
within its voltage rating. The d-c motor or generator is without 
doubt the least efficient of the three since its energy is stored as 
mechanical energy in the rotation of the armature, where it Is 
subject to the los.ses of bearing, brush, and air friction. Its elec¬ 
trical losses appear as heat in both the copper conductors and the 
iron magnetic circuit. But because it is one of our most useful 
and flexible means of conversion between mechanical and elec¬ 
trical energy, its reactions in the circuit deserve careful study. 

Alternating-current Motors. As the electron tube is a rectifier, 
it was logical that it should first be used to control d-c motors. 
However, electronic control of a-c motors is increasing for special 
applications. Since the early 1930's experiments have been made 
toward the use of thyratrons and ignitrons to supply an adjust¬ 
able frequency a-c to the rotor of an induction-type motor to 
obtain good regulation over a wide speed range. 

For miniature devices such as recording pens, valves, etc., a 
two-phase motor has been developed in which one phase is excited 
continuously and the second phase excited and reversed in phase 
by electronic means to reverse motor direction. 

Many machines utilizing a web of material, such as a printing 
press, require a small threading motor, operating through an over- 
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running clutch to permit the low speed needed for threading the 
web. An alternate electronic threading drive eliminates the 
threading motor by taking advantage of the difference in torque 
of single- and three-phase operation of the main motor. A pair 
of inverse-parallel thyratrons or ignitrons placed in one input 
lead may close the circuit to permit three-phase operation or 
open it for single-phase operation or, by conducting part time, 
provide the exact torque needed to maintain the desired low, 
constant threading speed. 






Fig. 10.10. Alternating-curnMit motor control for tlutwiiiig spci'd. By pt‘r- 
mitting regulat<*d partial conduction througli tlu* third line the torcpie is held 
l)etween the single- and three-phase values to hold the desired speed. 


Figure 10.10 shows the basic circuit and the motor torque-speed 
curves for single- and three-pha.se power. A typical load curve 
is indicated by the dashed line. If the tachonuder generator 
indicates a variation from the desinnl speed, the power tubes are 
phased on or off to correct the speed by changing the line cur¬ 
rent and torque. 

Thyrite and Metallic Rectifiers and Other Nonlinear Elements 
(Fig. 10.11). Luckily for us the nonlinear elements at power 
frequencies act as almost pure resistances, the only difference 
being that, instead of following Ohm\s law that the current flow¬ 
ing is proportional to the impressed potentials, the relation be¬ 
tween current and voltage follows a curve which is something 
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oxide 

rectifier 


filoiment) 


other than a straight line. For example, as the voltage across 
Thyrite is doubled, the current increases sixteen times. As the 
voltage across a metallic rectifier disk approaches zero, the decrease 
in current is much more rapid than might be expected. Perhaps 
the simplest way to analyze circuits using elements of this type 
is to consider them resistances, the value of which must be ob¬ 
tained by a step-by-step process as the current or voltage Is 
vamd over the expected range. 

\yCrystal Rectifiers, or “Detectors.’’ In the early days of radio 
the rectifier, or “detector,of the radio-frequency wave was often 
composed of a sharp point in ill 

contact with a natural crystal pL. 

such as galena, iron pyrites, or H i C*-} 

•arborundum. This eventu- ^ 

ally gave way to the more • 1 

«)nsist(‘nt and relial)lo elec- <1^^ 

tronic rectifier. The ultrahigh oxide filament) 

freciuencies of radar demanded rectifier 

a detector-rectifier with mini- / 

mum capacity effects, and the ^ ^— 

crystal rectifier was redevel- / 

oped using a germanium crys- j ^ / 

tal to create a sturdy and reli- S' 

able device. This rectificT is / 

capable of withstanding higher A 

reverse voltages than the me- ^-- 

tallic oxido Fortifiers, although JJ Xonli.u.ar resista.Kr ole- 

its current rating is usually ments. 

lower. 

The metallic oxide n'ctifiers cover a wide range of materials of 
roughly similar characteristics. They include copper-oxide, 
selenium oxide, selenium sulfide, and magnesium sulfide, to name 
a few. Stacks of disks, sometimes with cooling fins, are made up 
to cover many current and voltage combinations. The metallic 
oxide rectifier is most widely used for voltages below 100 volts. 
Installations for hundreds of amperes have been built for appli¬ 
cations such as electroplating. 


Fui. 10.11. 
ments. 


Nonlinear resistance 
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Crystal or metallic rectifiers may be used in any of the circuits 
described in the chapter on Rectifiers later in this book. 

Questions 

1. If the transformer open-circuit secondary voltaRo is three times that 
of the primary and there are 300 turns on the primary winding, how many 
turns are there on the secondary? 

2. A current transformer has a primary consisting of a single conductor 
passing through the iron core. If 40 amperes flow in this conductor and 
there are eight turns in the secondary winding, what secondary current 
will flow? 

3. In an unloaded |:K*aking transformer does the secondary voltagi^ peak 
occur at the primary-volt age zero or at current zero? 

4. At what part of the saturation range df>es the maxi mum harmonic 
current appear in a saturable reactor circuit? 

5. Sketch the equivakmt circuit for a d-c separat(‘ly (*xci((‘d motor. 

6. E.xplain the basic action of an electronic threading drivi' for a three- 
phase a-c motor. 



CHAPTER XI 


COMBINATIONS OF COMPONENT ELEMENTS 

After almost any complicated circuit has been analyzed and 
the correct values applied to the elements, it will be found that 
the circuit divides into a number of subcircuits in which only one 
or, at the most, two of the fundamental elements, resistance, 
capacity, and inductance, predominate. We have discussed the 
•eactions of the single elements. Let us see what happens if we 
combine two of them, especially with a-c power applied and a 
series rectifier in the circuit. 

Resistance and Capacitance. As might be expected, a resist¬ 
ance in series with a capacitor slows up the flow of current into 
the capacitor as the voltage changes so that the charging action 
is always a little later than for a capacitor alone. Hence, the 
current in the combined circuit is always a little closer in phase 
with the applied voltage. If the resistance is high or the capacity 
large, the capacitor can never l)ecome very highly charged on 
an a-c potential before the voltage has reversed. Most of the 
potential drop will be in the resistor, with a current almost in 
pha.'^e with the applied a-c voltage. On the other hand, if the 
resistance is small or the capacitor is small and can be charged 
quickly, the charging current will be small and the I li drop in 
th(* resistor will have little effect in delaying the phase of the 
current (Fig. 11.1). 

Suppose now that a rectifier, such as a thyratron or kenotron, 
is added in series. As the charging current flows into the capaci¬ 
tor while the a-c voltage is building up to its positive peak on the 
first cycle, a charge of a part of this peak potential will be trapped 
in the capacitor as the a-c voltage again recedes past this point. 
But on the next cycle, as the a-c voltage again rises past the 
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capacitor potential, a further charge is added until, in a very few 
cycles, the capacitor has received the peak a-c potential charge 
and no further action can take place. If the resistance is high 
and the capacitor is large, this might be used as a timing circuit. 




Fig. 11.1. Kfsistancr, cupacitaiicr, and a ifctifier in scTiea on a-c. 


Next let us try a resistor in parallel with a capacitor. Now 
between the positive peaks of the a-c voltage a part of the capaci¬ 
tor charge will be lost as leakage current through this resistance. 
If the resistance is low, most of the charge may be lost; but if it 
is relatively high, if, as we say, the resistor-capacitor circuit has a 
long time consiantj a little capacitor potential will be lost between 
cycle positive peaks with their renewing charge and a compara¬ 
tively constant d-c potential useful for low current drains results 
(Fig. 11.2). 
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Resistance and Inductance (Fig. 11.3). A resistance in series 
with an inductance diminishes the change in current that may be 
produced by the changing a-c voltage. Furthermore, shortly 
after the peak positive voltage has been reached, the T R drop in 


11 . 2 . 
fi(‘r oil a-c. 



Hihsislanct* and capacitance in parallel and in series with a recti- 


th(‘ resistance, gradually increasing because the positive voltage 
is tending to cause the current in the inductance to increase, may 
become equal to or even greater 
than the value of the dimin¬ 
ishing positive voltage; and th(' 
net negative voltage applied 
t(» the inductance to cause 
its current to decrease will 
appear much sooner than if 
the resistance were not there. 

Since this action occurs on both 
half cycles, it is clear that the 
peak currents in the induct¬ 
ance are now closer in phase 
with the applied voltage; the 
larger the relative resistance, 
the more nearly the current F'*'- ‘‘■'d inductance 

will be in phase. 

Resistance, Inductance, and Rectifier (Fig. 11.4). Next let us 
add a rectifier to the circuit. The series resistor will diminish 
the build-up of current in the positive half cycle as before; and 
as the negative half cycle begins, the inductance must not only 
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consume its stored energy to feed current through the rectifier 
against the increasingly negative voltage but must also force it 
through the resistance, supplying the resistor losses also. This 
means that the current stops in the negative half cycle at a much 
earlier point than in the case of inductance alone. 



Fig. 11.4, Resistance, inductanct*, and a rectifier in series on a-c. 


Finally, consider the case of a resistor and induedance in parallel 
and both in series with a rectifier and an a-c supply (Fig. 11.5). 
So long as the rectifier conducts, the inductance and resistor act 
as individual elements. However, as the voltage goes negative, 
the inductance must feed out its energy both into the rectifier 



Fig. Resi.stanee and indu tanee ifi parallcd and in 8erie.s with a recti* 

fier on a-c. 

and source and into the parallel resistor. Soon a point is reached 
at which, even if the whole inductance current flows through the 
resistor, the required IR drop will not be so great as the nega¬ 
tive voltage at that instant, so that thd rectifier ceases to conduct 
and the remaining energy in the inductance is consumed in the 
resistance. But if the resistance is low, the current in it may 
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not have decreased to zero before the next positive half cycle 
begins. In this case, the current in the inductance starts increas¬ 
ing from this residual value rather than from zero. Naturally, by 
the end of the next cycle the residual current is even higher; 
therefore, the average current in the inductance builds up until 
after a few cycles the losses during the negative half cycle exactly 
balance the current gain during the positive half cycle. 

An interesting feature of this circuit should be noted. Since 
the current in the inductance always tends to flow in the same 
direction, when the resistor completes the circuit after the recti¬ 
fier ceases to conduct, the current must flow in the reverse direc¬ 
tion through it and the Hi drop thus added to the source voltage 
will cause the potential across the rectifier to become positive 
somewhat earlier than the normal voltage reversal point of the 
a-c supply. 



Fig. ll.G. Inductance and inverse rectifier in parallel and in series with a 
rectifier on a-c (“freewheeling" circuit). 

The “Freewheeling” Circuit.^ It has been stated that the 
energy fed back into the line through the rectifier is less if the 
resistor is low; and, of course, for a given current the heat losses 
in the resistor are less on the negative half cycle when this is the 
case. (On the positive half cycle the energy taken by the resistor 
from the line will be greater.) But suppose we replace the resistor 
by a rectifier connected so that the forward current from the line 
and line rectifier will be stopped but the reverse current can flow 
to permit the current to continue in the inductance (Fig. 11.6). 
Here, then, is an ideal element for this function, an infinite im¬ 
pedance to the parasite loss from the line on the positive cycle 

' Also called “Half-wave Shunting-tube" circuit. 
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and a negligible resistance to the continued inductance current 
on the reverse cycle. Under this arrangement after a few cycles 
of operation the current in the inductance builds up to a value 
almost equal to the current that could be obtained with an equiva¬ 
lent applied average d-c potential. 



Capacitor and Inductance in Series (Fig. 11.7). If a capacitor 
and inductance in serit\s are connect(‘d across a source of a-c 
potential, the re.sults cannot be foretold until we know the n'la- 
tive value of the two. If either offers predominant impedance 
to the current flow at the specified frequency, the resulting cur¬ 
rent will be inherently leading or lagging the applied voltage, 
as the case may be. The most interesting case occurs when the 
impedances of the two are equal; that is, if either alone were 
connected across the source, an equal amount of current would 
flow, leading by a quarter pha.se in one case and lagging by that 
amount in the other case. When two such elements are con- 
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nected in scries across the a-c source, which attempts to charge 
and discharge the capacitor and to increase and decrease the 
current in the inductance, it is found that the natural period for 
the transfer of energy between the magnetic and electrostatic 
fields is in tune, or rei^onance, with the timing of the a-c positive 
and negative pulses (see page 94 for a description of this energy 
transfer). Since there is little loss in the circuit except the small 
resistance and iron losses in the inductance, the energy trans¬ 
ferred within the circuit may become tremendous, with the source 
supplying only the losses. 

However, since this is a series circuit, any currents circulating 
between the capacitor and the inductance must also circulate 
through the source circuit, so that this combination looks to the 
source as an extremely low impedance or almost a short circuit. 
Also, because the current supplied by the source is used only to 
supply losses (or, ultimately, heat), it is a resistive current and 
so in phase with the voltage. But should the impedances of the 
two eleimaits not be equal, the currents dcmianded by the one 
will not be suppli('d by the other and the diff(Tence must be made 
up from the source*, so that its total current now be(‘omes leading 
or lagging. Furth(*r, since there is no longer so complete an 
interchange of energy, the impedance of the whole circuit has 
increased so that the total circulating current will be less than 
at resonance. Thus, as we go out of resonance by changing any 
one of three factors, capacity, inductance, or source frequency, 
tw^o effects occur: the current decreases, and the current goes out 
of phase with the voltage. 

Effect of Frequency. Since an inductance resists attempts to 
change the current flowing in it, its impedance naturally increases 
as the frequency of the source increases. Because a capacitor 
can store up only a limited amount of energy for a given applied 
voltage but can absorb it rapidly by permitting a large current 
to flow into it. for a brief time, it is also natural that the total 
current flow^ into and out of a capacitor will increjise as the fre- 
(piency of the a-c voltage reversals increases; in other w^ords, the 
impedance to the current flow decreases with increased frequency. 
Thus, as the impedance for zero cycles change per second (d-c) 
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is zero for an inductance and infinite for a capacitance, and for 
an infinite frequency is infinite for an inductance and zero for a 
capacitor, it follows that for any inductance and capacitor in series 
there will be some frequency at which they will be resonant. 

What happens when we place a rectifier in series with the above 
circuit (Fig. 11.8)? What happens when we put a rectifier in 
any circuit containing a series capacitor? The capacitor charges 

-- up to or beyond the peak a-c 

(p voltage, and then the rectifier 

can no longer conduct. The 
/ \ potential to which the capac- 

(n ^ / V itor is charged depends on the 

\ y relative sizes of the induct- 

) ance and capacitor since any 

j energy due to the current flow- 

, ^ . . . ing in the inductance at the 

ri(;. 11.8. Capacitance, inductance, , , , 

an.l a rectifier in series on h-c. P^ak supply Voltuge must be 

transferred to the capacitor or 
back to the supply before the current stops. 

Capacitor and Inductance in Parallel. In discussing the action 
of resistors in parallel with one of the other two principal ele¬ 
ments, no mention was made of the action of the combination on 
a sine-wave a-c voltage, since the resistor could not store energy 
and the two elements acted independently. But when a capaci¬ 
tor and an inductance are connected in parallel across an a-c 
source, the action becomes of greater interest. In discussing 
these elements separately, we found that the current supplied by 
the source to the capacitor reaches its positive maximum as the 
supply voltage is becoming most rapidly positive, just as it passes 
through zero and a quarter phase ahead of its maximum positive 
peak. On the other hand, the current in the inductance is maxi¬ 
mum just at the end of the half cycle in which the applied voltage 
has been working in one direction to force the current to flow in 
that direction. 


If we take the point in the cycle mentioned first, when the 
voltage is just becoming positive, the negative half cycle has just 
finished and so the current in the inductance is at its maximum 
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negative value. Here at the same point, at the same instant, we 
require both a positive and a negative current. Thus the source 
need supply only the difference, the remainder being supplied by 
one of the parallel elements (Fig. 11.9). Whether the current 
supplied by the source is leading or lagging depends simply on 
which of the elements demands the most current. If a resonant 
condition exists, the current required by the capacitor will all be 



Fig. 11.9. Capacitance and inductance in parallel on a-c. 


supplied by the inductance, and vice versa, so that theoretically 
the difference to be supplied by the source is zero. Under actual 
conditions the source will be called upon to supply the losses, 
which, again, will be dissipated as heat; so the loss current is 
resistive and in pha,se with the voltage. It will be noted that in 
parallel resonance, as contrasted with series resonance, the cur¬ 
rent supplied from the source is minimum rather than maximum. 
The current is again in phase with the voltage at resonance and 
changes from lagging to leading as the frequency increases through 
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the resonance frequency. As explained under Series Resonance 
(page 120), for any capacitor and any inductance in parallel there 
is a definite frequency for resonance. 

The Series Rectifier. If a rectifier is inserted between the 
source and this parallel circuit (Fig. 11.10), the resulting current 
becomes somewhat difficult to describe exactly. If the capacitor 
is of lower impedance than the inductance, the rectifier will 




F'lO, 11.10. Capacitance and inductance in parallel and in serie> with a 
rectifier on a-c. 


charge it up on the positive half wave and start current flowing 
through the inductance. After the rectifier stops conducting, th(» 
current will continue to flow in the inductance, discharging the 
capacitor and perhaps charging it up slightly in the reverse direc¬ 
tion before the time of the new positive half cycle and the renewal 
of the capacitor charge through the rectifier. It is important to 
note that in this case the current in the inductance does not 
reverse; in fact, if the capacitor is large enough, a fairly smooth 
d-c may flow through the inductance in spite of the interrupted 
contact with the source through the rectifier. This is a particu¬ 
larly useful feature if the inductance is an electromagnet or the 
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operating mechanism of a contactor or relay that we wish to 
operate through a single thyratron or vacuum tube. The parallel 
capacitor produces results that are similar to but not quite so 
satisfactory as those produced by an inverse rectifier. Care must 
be taken to prevent the capacitor from drawing too large charg¬ 
ing currents (by the insertion of a small series reactor or resistor) 
when this circuit is used with a thyratron or phanotron. 

Parallel circuits in which the inductance has a lower impedance 
than the capacitor (an indication that the natural resonant period 
of the circuit is higher than the source frequency) are rarely used 
in series with the rectifier since by the time that the second posi¬ 
tive cycle of the source occurs the current in the inductance has 
reversed perhaps once or a number of times, producing many 
undesirable transient currents and induced voltages. 

Harmonics. Since the saturation of the magnetic circuits in 
iron-cored inductances and the abrupt changes in wave form 
caused by the insertion of a rectifier may alter radically the 
smooth sine wave supplied by the a-c source, the resulting wave 
form is assumed to be made up of a number of higher frequencies 
superimposed upon the original, or fundamental, frequency. 
Usually, these are direct multiples of the frequency. The third 
harmonic (three times normal frequency) is usually introduced 
when iron is saturated; so resonant effects of parts of the circuit 
at this frequency also must be guarded against. 

Questions 

1. If tt r(H’tifi(‘r tube feeds a parallel RC circuit from an a-c source, will 
then* lx* a longer flow of current each cycle through the rectifier if the resist¬ 
ance* is increased? Why? 

2. If resistance and inductance in s<'ries are fed from an a-c line, will the 
line curn*nt lead or lag the voltage? What happens if the resistance and 
inductance are in parallel? 

3. Sk(*tch the form of the current wave through the inverse rectifier in 
the ‘‘freewhe(*ling” circuit. 

4. A capacitor and an efficient inductance each, when connected to an a-c 
source, draw the same current. When both are connected in parallel across 
the line, will the total line current be more than double that of one? Why? 

5. If we connect an inductance, capacitance, and rectifier in series to an 
a-c source, what will happen? 
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BASIC ELECTRONIC CIRCUITS 




CHAPTER XII 


RECTIFIER CIRCUITS AND FILTERS 

No matter how complex any electron circuit may seem, it may 
be broken down into sections that, in themselves, are compara¬ 
tively simple. Although there are an infinite number of com¬ 
binations of basic circuits, if some of the more common ones 
can be understood and recognized the unfamiliar ones can then 
be studied more easily. 

Electron circuits for industrial control may be classified roughly 
into the following general types: (1) Power conversion—rectify¬ 
ing of a-c to d-c or inversion of d-c to a-c at high or low fre¬ 
quency. This also includes frequency conversion, in which an 
a-c is rectified and then inverted back to a-c at a different fre¬ 
quency. (2) Amplification—a small incoming a-c signal or d-c 
difference of potential is magnified to an outgoing signal of similar 
character but of greatly increased power and potential charge. 
Some amplifiers are quite linear and reproduce an accurate picture 
of the input; others permit much more distortion. (3) Electron 
timing circuits—these prove useful for many processes. (4) Elec¬ 
tronic switching of circuits—by far the most accurate and fastest 
means. It may be accomplished rapidly and continuously for 
long periods of time without wear of the switching element, the 
electron tube. 


RECTIFIERS! 

Although most of our power is distributed at present as alter¬ 
nating current, there are many applications for which direct cur¬ 
rent is more desirable. Motor-generator sets and rotary converters 
have been widely used in such cases; but for the small amounts 
! Quantitative data on rectifiers will be found in Appendix IV, 
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of d-c power needed in many control panels the electronic rectifier, 
now built in all sizes, is much more practical and less expensive. 

Single-phase Half-wave Rectifier^ (Fig. 12.1). This simplest 
type of rectifier was discussed briefly in connection with a capaci¬ 
tor and rectifier in series with an a-c power source (page 115). 



Fk;. 12.1. A siiigle-pha.se half-wave rectifier. 


After the rise in the positive potential of the supply voltage has 
charged the capacitor through the rectifier, the charge is trapped 
when the line voltage drops lower than the capacitor potential. 
Then, if the capacitor is comparatively large and the load that 
utilizes the charge across it as a d-c source is of relatively high 
resistance, the capacitor will not lose much of its charge before 
the line voltage again becomes positive enough to replenish the 
charge. Thus the capacitor maintains a fairly constant d-c 
potential between its plates. 

Single-phase Full-wave Rectifier^ (Fig. 12.2). The next step 
is to “turn over’^ the negative half wave of the a-c voltage so 



Fig. 12.2. A singl(;-pha.sc full-wav(‘ rectifier. 


that it also may be used to supply current to the capacitor and 
thus permit more load to be drawn with less loss of potential 
between rechargings. If we utilize a second transformer winding, 
^ Also called “one-way” rectifier. 

* Also called “diametric” rectifier. 
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with its connections t6 the capacitor reversed with respect to the 
first, and>a second rectifier with its cathode also connected to 
the capacitor positive terminal, it will be seen that as the anode 
of the first rectifier becomes negative the anode of the second 
becomes positive and the charging action takes place twice as 
often. 

Two respects in which this rectifier differs from the preceding 
one should be noted. If the same capacitor and load current 
are used, the ripple^ that is, the variation in d-c potential, is less 
than before and occurs twice as often, or the frequency in cycles 
per second is doubled. In both these circuits the maximum in¬ 
verse voltage on the rectifier when its anode is negative is equal 
to the sum of the peak a-c voltage and the capacitor potential, 
or roughly twice the d-c output voltage. Therefore, the rectifier 
elemtmts must be insulated for this voltage. The current through 
the rectifier to the capacitor comes in short intervals near the 
voltage peaks; so the rectifiers and the transformer windings are 
idle more than half the time. The primary of the transformer 
in the first circuit was idle for half the time, but it supplies cur¬ 
rent during both half waves in the full-wave circuit. The second 
circuit has an advantage in that the cathodes of both the recti¬ 
fiers are at the same potential and may be fed from a common 
heater or filament transformer winding. 

Single-phase Bridge Rectifier^ (Fig. 12.3). Sometimes a single 
transformer winding is used to supply both half waves. This can 
be done if we add two more rectifiers so that the transformer is 
connected to the capacitor and load only through the rectifiers 
and thus {;an be completely reversed. Sin(;e both ends of the 
capacitor arc connected to the winding through the rectifiers, 
during each half cycle the inverse voltage on*each rectifier can 
never be greater than the peak a-c voltage, or about half that 
in the half-wave cases above. The single winding is also used 
twice as effectively as either of the two windings in the half-wave 
case. But now the charging current must flow through two 
rectifiers in series each time; so the rectifiers themselves are not 
used so effectively. However, because the inverse voltage is 

^ Also called “diametric double-wayrectifier. 
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minimum, the full-wave circuit is especially useful when extremely 
high voltages are to be rectified and for the copper-oxide and 
selenium type of dry-disk or metallic rectifiers in which the recti¬ 
fier elements are small disks of limited inverse-voltage rating. 



Fig. 12.3. A single-phase bridge rectifier. 


Three-phase Wye Rectifiers (Fig. 12.4). If the a-c power 
supply is three-phase rather than single-phase and we have three 
secondaries, one fed from each phase, we may connect a common 
point on our load to one end of each of these secondaries as we 
did to the common point of the two half-wave secondaries in the 
single-phase full-wave case. Three rectifiers having a common 
cathode (or anode) potential are needed. The magnitude of the 
ripple has been further decreased, and its frequency is now the 



Fig. 12.4. A three-phase half-wave rectifier. 


third harmonic, or three times the fundamental a-c frequency. 
As in all half-wave rectifiers the inverse voltage is a little over 
twice the d-c output voltage, and since there are now three tubes 
to carry the load current in rotation, the average current rating 
for the rectifier will be higher than in the previous cases, although 
each tube must carry the full current for its share of the time. 
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This means its cathode must be capable of supplying the electrons 
for the full current, although the physical size of the tube need 
not be more than large enough to dissipate the heat due to con¬ 
duction for one-third the time. 



Fig. 12.5. A six-phase half-wave rectifier (shaded area is the time of current 
flow in one tube). 


Six-phase and Double-wye Star Rectifiers. If we take two 
windings from each phase and connect all six to the common 
load point so that the potentials of the two windings in each phase 
are reversed, we produce a six-phase half-wave circuit (Fig. 12.5) 
using six rectifier tubes and having an even smaller ripple at six 
times line frequency. Sometimes the common load tap is taken. 



Fig. 12.6. A double-wye rectifier with interphase transformer (shaded areas 
are time of flow in each tube). 


not directly from the junction of all six windings, but from the 
mid-point of a reactor, or interphase transformer, that joins the 
two sets of wyes (Fig. 12.6). As current is drawn through one 
side of this reactor, a voltage is induced in the other side also, 
through transformer action, which, added to the voltage in the 
other wye, causes one of the tubes on that side to pass current 
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until the currents in the two halves of the interphase transformer 
are fairly well balanced. Since this means that two rectifier tubes 
are now conducting at all times in parallel, each rectifier tube need 
have only half the peak current rating it would otherwise require. 



Fig. 12.7. A four-phase half-wave rectifier on a three-phase a-c supply. 


Four-phase Half-wave Rectifier (Fig. 12.7). There are times 
when a four-phase rectifier is desirable in order to simplify the 
control circuit or so that the available rectifier tubes may be 
used more effectively. In this ca.se two-pliase power is obtained 

from the three-phase power 
by Scott-connected trans¬ 
formers or similar circuits, 
but once two-phase power has 
been obtained the half-wave 
rectifier circuit is the same 
familiar type, with a ripph' 
of four times the supply fre¬ 
quency. 

Multiphase Full-wave Rec¬ 
tifiers. Multiphase, as well as 
single- or biphase, rectifiers 
can be made full wave or 
double-way by the use of 
twice the number of rectifier 
elements to reduce the necessary inverse voltage. 

We have already discus.sed the bridge rectifier and can now 
see how the same reasoning applies to multiphase circuits. 



Fig. 12.8. A six-pha.sn double-way rec¬ 
tifier with wye tran.sformer input to per¬ 
mit three-wire d-c operation from an a-c 
network. 
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Six-phase Double-way Rectifiers. This is a three-phase recti¬ 
fier in which each winding conducts current on both half waves. 
This requires an anode and a cathode to be connected to each 
winding end as shown in. .Fig. 12.8. The load current must flow 
through two tubes in series. Since the reverse current, in the 
three-phase transformer windings is 60 deg out of phase with the 
other phases, the d^cr wave^ ripple will be six times line frequency 
as in the six-phase star connection. Whereas we have seen that 
this circuit has the disadvantage of requiring that the current 
flow through two tubes in series, we can also note that the maxi¬ 
mum voltage between transformer terminals is little more than 
the d-c output so that the inverse voltage applied to the tubes 
is decreased. 

Double-way circuits are used extensively with metallic-oxide 
rectifiers because of their limited inverse-voltage rating. 

If the transformer secondary winding is in the form of a wye, 
a mid-tap may be taken which is also the mid-tap of the d-c out¬ 
put. This is evident where it is noted that each half is now a 
three-phase half-wave rectifier. Each half has a ripple of three 
times line frequency although six times frequency appears across 
the outside lines. 

This circuit with mid-tap is particularly useful for power recti¬ 
fiers in metropolitan distribution networks. Many of our large 
cities formerly had 250-volt mid-tapped d-c networks. This 
me^ant that all of the motors for elevators, fans, and other uses 
were d-c motors. When the cities desired to change over to a-c, 
there arose the serious problem of supplying power to these motors. 
Fortunately, the new a-c network is often a wye circuit having 
120 volts in each leg and a grounded neutral. This fits in very 
well with the a-c voltage input required for a rectifier having a 
250-volt d-c output when using a three-phase double-way igni- 
tron rectifier. Thus, for many applications the rectifier may be 
connected directly to the a-c lines without requiring intermediate 
transformers. The basic circuit arrangement is shown in Fig. 12.8. 

Voltage-doubler Rectifier (Figs. 12.9 and 12.10). The voltage- 
doubler rectifier is an interesting combination of two single-phase 
half-wave rectifiers in which the outputs are effectively added in 
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series. By employing two capacitors in series with their common 
point connected to one side of the transformer secondary winding 
(or even to one side of the a-c line itself) and using two rectifiers 
connected with the anode of one and the cathode of the other to 



Fig. 12.9. A voltage-doubler rectifier, symmetrical about point 0. 


the free end of the secondary or a-c source and the other ele¬ 
ments to the free ends of the capacitors, the two capacitors can 
be charged in opposite directions on the alternate half cycles so 
that the output voltage taken across the capacitor ends in almost 
twice the peak a-c voltage. Since the energy for the output cir¬ 
cuit for most of the cycle must be supplied by the capacitor, it 
is seen that this circuit is most useful for light loads at a com¬ 
paratively high voltage and that it has also a definite and useful 
mid-potential point at the junction of the capacitors. 



Fig. 12.10. A voltage-doubler rectifier with a single load capacitor. 


Mult'stage Voltage Doublers. The principle used in the volt¬ 
age doubler of Fig. 12.10, that of charging one capacitor so that 
it may act as a pedestal to ‘‘jack-up” the a-c voltage to a higher 
rectified value, may be extended to multiple stages as shown in 
Fig. 12.11. 

Here two stages are shown, but the same principle could be 
extended to others, limited only by the basic fact that not only 
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must each stage capacitor supply its 
own energy but also each cycle must 
store and transmit to the capacitors 
beyond it the energy for all succeed¬ 
ing stages. Hence this type of cir¬ 
cuit is most useful for high-voltage, 
low-current needs, such as for cathode- 
ray tubes and multiplier phototubes. 
The circuit shown is particularly 
adapted for a multiplier phototube or 
an electrostatically deflected cathode- 
ray tube since the low-current, high- 
voltage circuit is negative with re¬ 
spect to the transformer winding, 
which may be part of the amplifier 
d-c supply transformer. 



Fig. 12.11 Multistage voltage 
doubler. Additional stages may 
be added in a similar manner. 


Other high-voltage, low-current rectifiers use pliotron oscilla¬ 


tors to generate radio frequencies which may then be stepped up 



Fig. 12.12. Specialty rectifiers. Operation from an oscillator at left and 
from a television horizontal sweep signal at right. 


by air-core transformers or auto-transformers and rectified. An¬ 
other form, used in some television sets, applies the saw-tooth 
scanning signal to the grid of a power pliotron having a high 
inductance in series with the anode. As the grid becomes slowly 
positive, the current builds up in this inductance so that when 
the grid is driven sharply negative a high voltage appears across 
the inductance. This is rectified and trapped in a capacitor as 
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above. The small power required to heat the rectifier cathode is 
usually obtained from an air-core secondary coupled to the main 
oscillator or inductance coil. These circuits are shown in Fig. 12.12. 

Discriminators. Discriminators might be described as balanced 
rectifiers which are sensitive to a-c amplitude, frequency, or phase 
angle. As such they are used for detectors in frequency-modu¬ 
lated radio and in industry for detection of Selsyn phase shift 
and frequency change. 

In a typical discriminator circuit the a-c voltage applied con¬ 
sists of a common voltage vector to which is added the incoming 
signal in opposite phase to the two rectifiers. 



Fig. 12.13. Freciuoncy-modulation discriniiiiator. Output is proportional 
to frequency deviation. 


In Fig. 12.13 we see a typical frequency-modulation discrimina¬ 
tor in which the common vector is the practically resistive a-c 
drop across the input amplifier tube coupled through C4. The 
discriminated signal is received from a center-tapped tuned trans¬ 
former winding, L2, in which the current changes phase sharply 
as the frequency passes through resonance. As the vet^tor dia¬ 
gram shows, at resonance the a-c applied to the rectifier tubes, 
and the d-c output, will be balanced, but above or below reso¬ 
nance one rectifier output will predominate, producing a positive 
or negative output signal. This, in an FM receiver, varies at 
an audio-frequency rate. 

A typical Selsyn, or autosyn, phase-reversal discriminator cir¬ 
cuit is shown in Fig. 12.14. If the Selsyn on the transmitter and 
that on the receiver element, the latter often called the ‘^control 
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transformer/^ are in synchronization, the rotor winding of the 
receiver is at right angles to the a-c field of the stator and no 
voltage is induced in it. However, away from synchronization 
an unbalance voltage appears which reverses in phase while pass- 


•C 1 




Transmit 





Fir,. 12.14. S(*lsyn position (liscriiniruitor. Output proportional to a-c volt¬ 
age magnitude and phase. 


ing through synchronization. It is this phase reversal which is 
to be converted into a d-c polarity reversal. Here the common 
voltage vector added to the unbalance voltage must be taken 
from the same voltage source as that applied to the transmitter. 

FILTERS 

For many purposes the output of the rectifier is sufficiently 
pure d-c. For others, particularly for vacuum-tube amplifiers, 
the d-c power must be further smoothed, or filtered. The capaci¬ 
tor across the rectifier output, mentioned above, is a fair filter 
for light loads, but it has the disadvantage that it may draw high 
peaks of current when used with gas-filled rectifiers. Usually, 
therefore, the filter consists of both capacitors and inductances; 
we thus have the advantage of the inherent constant-voltage 
characteristic of the capacitor and the constant-current charac¬ 
teristic of the inductance. For example, we might add a small 
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inductance in series between the rectifier and the capacitor in 
parallel with the load to minimize the peak currents. If the 
inductance is sufficiently large, any tendency for the current to 
change appreciably will induce enough voltage to force the cur¬ 
rent through the rectifier tubes to take the form of almost square 
blocks. Needless to say, the absence of high peak currents means 
conservative operation and long life for the rectifier tubes. This 
type of arrangement is known as choke input or inverted-L filter 
(Fig. 12.15). 

Of the possible objections to this type of filter the principal 
one is that the induced voltage in the filter inductance has leveled 
off the ripples of the rectifier output to the average value, so that 
the voltage at the output is lower than that for the capacitor 
input filter, which tends to charge up to the peak rectifier voltage 



Fig. 12.15. Invertcd-L filter (and Ki<!. 12.Jfi. A tt filter and reetifi(‘r. 
rectifier). 


with light loads. On the other hand, as the load increases, there 
will be more load voltage drop with a capacitor input filter. 

When a kenotron, or high-vacuum rectifier, is used, the element 
of self-protection inherent in the space-charge drop makes the 
matter of peak currents less serious; so it is general practice to 
place a second capacitor across the rectifier output ahead of the 
series inductance to obtain further filtering action as well as to 
raise the average output voltage. This arrangement is called a 
“pi filter^' from the Greek letter tt, which it resembles (Fig. 12.16). 
As used in radio-receiver d-c power supplies, the two capacitors 
are of the electrolytic type, 8 to 40 pf each, in a common con¬ 
tainer. The inductance may be the field-magnet winding of the 
loud-speaker used. Since these are “brute-force^' filters, the filter¬ 
ing action is affected but slightly by wide changes in the actual 
values of inductance and capacity. 
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Although the inverted-L and pi types of filter are the most 
common, there are a few other types that should be mentioned. 
For example, if extremely smooth d-c is required, additional in¬ 
verted-L sections may be added to obtain any desired degree of 
smoothing. On the other hand, if it is felt that the required 
filtering does not warrant the expense of an inductance, a resistor 
may be substituted, with similar, but not quite so satisfactory, 
results (Fig. 12.17). We do not have both the positive and nega¬ 
tive induced voltage characteristic of the inductance, but only 
the IR drop change due to the rise and fall of current charging 
the second capacitor. 

From the discussion of series and parallel resonant circuits 
(page 121) it will be remembered that, at the resonant frequency, 



Fkj. 12.17. H(‘.sist ir TT liltiT and Fni. 12.18. Rosonant filter and 

reetilier. rectifier. 


the parallel resonant circuit acted as an extremely high imped¬ 
ance and the series circuit seemed almost a short circuit. So if 
for the inductances we substitute circuits parallel-resonant to the 
ripple frequency and for the capacitors substitute series-resonant 
circuits also tuned to this frequency, we obtain a filter that is 
many times as effective as the component parts taken alone. A 
resonant filter of this type (Fig. 12.18), of course, requires much 
more careful matching of elements than the brute-force filters 
discussed above. 

Voltage Dividers. When various parts of the circuit have 
widely different demands for direct current, it is often best to 
supply separate rectifiers to suit each particular need. However, 
there are often needs for small amounts of current at inter¬ 
mediate potentials of the rectifier output. These may be best 
met by a voltage divider. This device consists merely of a series 
of resistors or a single-tapped resistor connected across the recti- 
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fier output and carrying five to ten times as much current as is 
expected to be bled off at the tapped point (Fig. 12.19). If the 

current to be drawn is intermittent or 
varying, a capacitor connected be¬ 
tween the tap point and one side of the 
divider will help to hold the potential 
steady. The actual change in the po¬ 
tential of the tapped point as the load 
changes can be calculated easily from 
Ohm’s or Kirchhoff’s laws. Voltage 
dividers are especially suitable for 
phototube potentials and for the 
screen and other grid potentials for 
voltage-amplifier tubes. 

Voltage dividers are also used in 
many types of control circuit to obtain a definite fractional voltage 
output from any voltage, a-c or d-c, applied across its ends. 

Questions 

1. Draw a diametric, or single-phase, full-wave rectifier feeding a resistance 
load only. Sketch the wave form of current in the resistor. 

2. What is the ripple frequency of a three-phase half-wave rectifier on a 
60-cycle a-c supply? 

3. What is the principal advantage of a double-wye rectifier with inter¬ 
phase transformer over the six-phase half-wave rectifier? 

4. Draw the circuit for a four-phase rectifier operated from a three-phase 
a-c supply. 

5. What is the frequency of the ripple of a voltage-doubler rectifier out¬ 
put on a 60-cycle supply? 

6. Sketch a circuit suitable for obtaining three-wire d-c power from an 
a-c three-phase circuit using a wye transformer. 

7. What is the general purpose of a “discriminator’’ circuit? 

8. Name a contrasting advantage for a pi filter and for an inverted-L filter. 



Fig. 12.19. Voltage dividers. 
Left, potential for cathode 
and screen grid. Right, divider 
on grid input. 
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AMPLIFIERS 

Class A Amplifiers. The fact that a small change of potential 
on the grid of an electron tube can influence the flow of a much 
larger amount of power in the cathode-anode circuit is the most 
important characteristic of a tube. The practical application of 
this characteristic is the electronic amplifier. Let us look at a 
few of the most common types. 

In the discussion of tube-characteristic curves on page 50 a 
brief description was given of the possible gain in voltage change 
in a single tube and its relation to the amplification factor (mu) 
of the tube and the anode resistor. It has been found for the 
modern pentode tube that maximum voltage amplification per 
stage occurs when the lit drop in the anode resistor is about 
four-fifths the available anode voltage. For attaining the maxi¬ 
mum power change in the anode load the anode voltage supply is 
equally divided between the resistor and tube. However, these 
are general rules and special circumstances may alter them 
somewhat. 

In any conventional amplifier the changes in grid and anode 
potentials are always in opposite directions. This may be checked 
t^y noting that as the grid becomes more negative, decreasing the 
cathode-anode current, the decreased IR drop in the anode re¬ 
sistor permits the anode potential to rise nearer the positive 
supply potential. 

In radio practice, amplifiers are divided into three classes (with 
a number of subdivisions) depending on how the grid is made 
to swing with respect to the cathode potential (at the positive 
end) and the potential at which the cathode-anode current is 
completely cut off (at the negative end). If the grid potential 
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always remains between these two potentials so that the main 

current flow is not cut off and 
the grid does not go positive 
and require appreciable power 
to drive it, the circuit is called 
a Class A amplifier (Fig. 13.1). 
Its characteristics are good 
linearity between input- and 
output-voltage wave shapes, 
good power and voltage ampli¬ 
fication (since the theoretical 
power input is zero), but a poor 
over-all efficiency, or ratio of 
power output to the power 
required from the d-c anode 
supply. This type of amplifier 
is most used for electronic control circuits. 

Push-pull Amplifiers, Class B. In those cases where it is 
desired to obtain greater efficiency from the available d-c power. 



Fig. 13.1. A Class A amplifit*r. (tJd 
and la arc plotted on tube-transfer 
characteristic curves; see page 50.) 



Fig. 13.2. A push-pull Class B amplifier, 
read down and to left.) 



(Transfer curves for st'cond tube 


Class B or C amplifiers are used. In both these types two tubes 
are used in parallel in circuits that are similar in some ways to 
a single-phase full-wave rectifier working backward. The grids 
of the tubes are biased so far negative that little if any current 
flows when there is no signal on the grid. An a-c input signal 
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on the grids permits first one tube and then the other to pass 
current into the halves of the output transformers so that the 
magnetic flux reverses and the effect on the secondary winding 
is similar to that of a true a-c on the primary. Class B amplifiers 
(Fig. 13.2), biased to the proper point above current cutoff, may 
have excellent linearity characteristics as well as good power 
efficiency. The grid may or may not be permitted to swing above 
cathode potential and draw grid power. Better circuit efficiency 



Fir,. 13.3. A pusli-pull Class C amplifier. Note intermittent anode current. 
A single tube circuit may also be used. 


and higher power output can be obtained with a positive grid, 
but the input grid power is greatly increased. 

Class C Amplifiers (Fig. 13.3). Class C amplifiers are used 
when it is desired to obtain the maximum amount of power from 
the tubes and the available d-c supply. Linearity is not a con¬ 
sideration since the output load is always a resonant circuit 
whose flywheel effect is sufficient to smooth out the effects of 
the intermittent power pulses applied. The grids are swung from 
well below cutoff to well positive, perhaps so positive, indeed, 
that the potential of the decreasing anode potential is approached. 
If the frequency of the a-c applied to the grids is correct, the 
short high peaks of current fed into the resonant load utilize the 
tubes and d-c supply at maximum efficiency. 




148 


INDUSTRIAL ELECTRONIC CONTROL 


Class B and C amplifiers will be found in industrial uses in 
such services as public-address systems and induction heating. 

Direct-coupled Amplifiers. Since it is often not possible to 
obtain sufficient amplification in a single stage, it is necessary to 
couple two or more stages together to cascade the effect. The 
simplest arrangement is the direct-coupled one in which the grid 
of the second tube is connected directly to the anode of the first. 

-^ ^ Obviously, then, the cathode of the second 

ji. jlj tube must be at a potential more positive 

OUT than that of the first since the anode of 

T_ Y t the first tube must be positive with re- 

rC 1| spect to its cathode, and the grid of the 

^ j second tube must be negative with respect 

I J . ( _to its cathode (Fig. 13.4). 

Jr A properly designed direct-coupled am- 

plifier amplifies faithfully any signal ap- 
Y ^ ^ I to the input, from a d-c voltage 

i ■ I change to high radio frequencies, but it 

IN has some practical drawbacks. One is the 

- Y T necessary difference in cathode potentials 

Fig 13 4 V direct- succeeding stages. If a number of 

coupled amplifier. stages are used, this means that an abnor¬ 

mally high d-c supply is required. Another 
and more important disadvantage is that unless all cathode-heater 
and anode potentials are regulated extremely closely there will 
be considerable drift in the output voltage, so much so in fact 
that usually not more than two stages of high-gain direct-coupled 
amplification are practical. 

Provisions for stabilizing the amplifier are made by placing a 
glow tube in parallel with the anode supply to hold it constant, 
placing a current-regulating or ballast tube in series with the tube 
heater windings, and feeding rectifier and heater transformers 
from a closely regulated a-c source such as a voltage-regulating 
transformer. 


F IG. 13.4. A direct- 
coupled amplifier. 


The Long-tailed Pair. Another attempt to minimize the effect 
of drift in a direct-coupled amplifier is the descriptively named 
long-tailed pair (Fig. 13.5). This consists of two matched tubes, 
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in a single envelope if possible, having their cathodes connected 
to a cathode resistor of rather high value. The anode resistors 
for both tubes are equal. The grid of one of the tubes is con¬ 
nected to a fixed potential, and the grid of the second tube is 
permitted to vary with respect to this potential. The output is 
taken between the anodes of the two tubes. If desired, it may 
feed the two grids of a second long-tailed pair; or if the circuit 
is to be used as a vacuum-tube voltmeter, the load may consist 
of a meter element. 

The action of the circuit is as fol¬ 
lows: As long as the two grids are kept 
at the same potential, changes in 
cathode heating and anode potential 
in the two tubes should balance and the 
currents in both halves should change 
equally, producing an equal change 
in anode potentials and no loss of 
circuit balance. However, when the 
potential of one grid changes slightly 
with respect to the other, the current 
in that half, as well as the IR drop in 
the common cathode resistor, is changed, producing a change in 
the opposite direction in the other half. For example, suppose 
the first grid becomes more negative. The current in that half 
will decrease, causing the voltage across the cathode resistor to 
decrease, bringing the cathodes down nearer the fixed grid, and 
thus causing an increase in the current on the second side to 
stabilize the total cathode current again. 

The amplification obtained from this circuit is almost that of 
one of the tubes used in a conventional circuit. It is the basic 
circuit used in the RCA VoltOhmyst and other similar vacuum- 
tube voltmeters. 

Attenuation Circuits for the Long-tailed Pair. Because of the 
balanced action of the above circuit, it is somewhat difficult to 
change its effective amplification without also changing the bal¬ 
ance point; however, the two circuits of Fig. 13.6 (nicknamed the 
“zipper’^ and “shoestring^' for obvious reasons) overcome this 



Fig. 13.5. The ‘‘long-tailed” 
pair. (Arrows show direction 
of potential change if input 
grid changes as shown.) 
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difficulty. When the cathodes are no longer tied solidly to¬ 
gether, each becomes partially degenerated and its stage amplifi¬ 
cation becomes less as the IR drop in the series cathode resistor 
subtracts from the effect of the grid-voltage swing. This becomes 
obvious if we consider the “zipper^’ opened all the way down to 
the negative bus so that there is no longer any coupling between 
the two tubes of the pair. 

Cathode Coupling (Fig. 13.7). 
Sometimes it is desired to in¬ 
crease the power available from 
a change in grid potential with¬ 
out reversing the polarity. 
If voltage amplification is not 
necessary, this can be done by 
connecting the anode to the 
positive side of the d-c supply 
and placing a resistor in series 
with the cathode. The cathode 
now varies up and down with 
the grid, trailing behind just sufficiently to permit the change in 
grid-cathode potential necessary for the change in cathode current. 
The output is taken at the cathode potential. 

Again it may be desired to obtain both a positive and a nega¬ 
tive voltage change of equal value. 
This can be done by using an anode 
resistor also equal in value to the 
cathode resistor (Fig. 13.8). A phase- 
inverting circuit of this sort might be 
used to feed the two tubes of a Class 
B amplifier coupled through capaci¬ 
tors as required to allow for differ¬ 
ence in d-c potential. This action 
is described below. 

Capacitor Coupling. It has been 
pointed out (page 148) that the two disadvantages of direct- 
coupled amplifiers are the effect of drift and the difference in 
cathode potentials of succeeding stages. Both these defects can 


+ 



Fig. 13.7. Cathode coupling. 




Fig. 13.6. “Zipper” and “shoestring” 
circuits for attenuation of long-tailed 
pair. 
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be overcome by capacitor coupling if the rate of change of input 
grid potential is not too low. Capacitor coupling is adapted from 
direct coupling simply by inserting a capacitor between the anode 
of the first tube and the grid of the next (Fig. 13.9). So that 
the stray charges which may be picked by the grid may not charge 
the capacitor to erratic potentials, we connect the grid through a 
high resistance to a potential prbperly 
negative to its cathode. 

If the capacitor has sufficiently low 

impedance at the desired frequencies 

compared with the effective anode 

resistance of the first tube and the 

grid resistor of the second, it will lose 

little of its charge while the anode of 

the first tube is swinging about its 

mean potential and will transmit a 

faithful picture of this change to the 

second grid. Because the grid re- 

sistor is effectively in parallel with the cathode-coupled 

; ^ phase inverter, 

anode resistor of the first tube for 



anode potential swings and because it also acts as the discharge 
path for the capacitor, it should be as high as practical, usually 
about 1 megohm, although it may be as high as 5 megohms in 


some very sensitive circuits or as 
low as 50,000 ohms in the case of 
large tubes. 

Now that the coupling capacitor 
insulates the two stages, the sec¬ 
ond cathode can be placed at any 
convenient potential, usually the 
same or nearly the same as that of 
the previous stage, so that it may 
use the same d-c anode-potential 
supply most effectively. Since the 
potential of the charge on the 
capacitor has a chance to accom- 



Fig. 13.9. Capacity coupling be¬ 
tween stages. 


modate itself to the comparatively slow changes in the first tube 
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mode potential due to drift from any cause, the average grid 
potential of the second tube becomes that of the fixed end of the 
grid resistor, and changes due to a slow drift in the first tube 
are no longer a problem. 

Transformer Coupling. If the range of frequency to be trans¬ 
mitted through the amplifier system is reasonable, transformers 
may be used to couple the stages (Fig. 13.10). For example, the 

audio range of 50 to 5000 
cycles can be easily handled by 
a transformer with a laminat¬ 
ed iron core. Even wider ranges 
may be covered by careful 
design. The transformer 
coupling has the advantage 
that, by having more turns 
on the secondary than on the 
primary, a gain in voltage 
may be obtained in the trans¬ 
former itself. A turn ratio of 
about 3 is common, although 
up to 10 is sometimes used. 

The primary of the transformer and the magnetic circuit must 
be designed to stand the saturating effect of the direct anode 
current if the transformer is used with a single amplifier tube. 
This is not necessary if two tubes are used in a push-pull, or 
Class B, circuit, for they tend to magnetize the transformer in 
opposite directions. On the other hand, transformers are rela¬ 
tively expensive and hard to wind for extremely high impedances 
at low frequencies to match the tube impedances. Therefore, for 
low-frequency work, capacity-coupled amplifiers using voltage- 
amplifier pentode tubes have supplanted this type to a great 
extent. 

Tuned Transformers (Fig. 13.11). At high frequencies the 
situation is different from that described in the foregoing. By 
combining air-cored transformers and parallel capacitors to tune 
the two windings to resonance, high impedances for both primary 
and secondary are obtained, as well as a selective transfer of 



Fia. 13.10. Transformer coupling. 




Fig. 13.11. Tuned transformer coupling. 
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energy at or near the resonant band. This is the accepted method 
of coupling radio-frequency amplifier circuits in which usually 
only a comparatively narrow 
band of frequencies near the 
resonant frequency need be 
passed. In some of the 
most modern radio frequency 
transformers it has been 
found possible to use iron- 
dust cores to increase the 
efficiency and reduce trans¬ 
former size and stray fields. 

Other forms of amplifier 
will be found occasionally, 
such as those using an anode 
inductance or a second tube as an anode impedance, rather than 
a resistor. However, these types are so varied and so rare that 
they will be omitted in this discussion. 

Decoupling Means. In a direct- 
coupled amplifier or one in which 
very low frequency signals must be 
transmitted faithfully, the most 
usual way to obtain the various 
potentials needed is to tap them 
off of a resistance voltage divider. 

However, as the frequency in¬ 
creases to the point where the 
potential may be held fairly con¬ 
stant over the signal cycle by a 
practical-sized capacitor, another 
means is available. A resistor may 
be placed in series with the cathode 
of the proper number of ohms so 
that the average current through it 
produces an IR drop equal to the 

required grid bias (Fig. 13.12). If a capacitor of sufficient size is 
connected in parallel with this resistance, the cathode will remain 



Fig. 13.12. Decoupling resistors 
and filter capacitors. A, stage 
decoupling; j?, screen-dropping 
resistor; C, cathode resistor and 
capacitor. 
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at a fairly constant potential, even though the instantaneous 
tube current varies widely. In a similar manner, the current for 
a screen grid may be obtained by a dropping resistor connected 
to the positive supply potential, with a capacitor connected across 
it, or, more commonly, from screen to cathode or negative bus 
to hold the screen potential steady. 

These methods of obtaining potential have two other desirable 
features. Since the varying tube circuit is connected to the volt¬ 
age supply only at its positive and negative terminals, there is 
the least interference with other circuits; and, because of their 
self-regulating feature, if the whole d-c supply changes, the 
cathode and screen potentials change with the changing average 
current values to compensate partly for the supply change. Some¬ 
times, for very sensitive circuits, a dropping resistor and capacitor 
filter are used to isolate a whole stage from the rest of the circuit 
and thus shield it from possible voltage surges. 

Amplifiers Operated Directly from A-C Supplies* All the 
amplifiers discussed previously in this section have been sup¬ 
plied with power from a d-c source. Direct current is preferable 
to alternating current for an amplifier supply for two reasons: 
(1) A constant-potential source permits the accurate amplifica¬ 
tion of a wide range of frequencies. (2) When the supply is a-c 
the varying and intermittent positive potential of the a-c source 
distorts the instantaneous wave form badly so that only the 
average value of the individual wave or the envelope of a very 
low frequency signal may be amplified. Also, because of the 
extreme power amplification of the thyratron, large voltage ampli¬ 
fication on a-c circuits is usually unnecessary. 

However, one a-c amplifier has seen much use and is worthy 
of consideration here (Fig. 13.13). In this the cathode of the 
first stage is connected to one side of the line and the cathode of 
the following stage to the other side. The grid of the second 
stage is connected directly to the anode of the first tube, and a 
capacitor is placed in parallel with the first tube anode resistor. 
This retains the grid potential negative with respect to that line 
which was positive when the first tube was conducting and is 
negative when the second tube is to conduct. But the capacitor 
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is holding the second tube grid negative with respect to this line, 
no matter what its relation to the rest of the circuit. Since the 
second tube cathode is at the potential of this line, its current 
also is dependent only on the relation of the grid potential to that 
one point. Thus it follows that, if the first tube is permitted to 
pass a larger current, the capacitor will receive a larger negative 
charge and the second tube will be permitted to pass less current 
when it conducts on the next half 
cycle. The increase in current in one 
stage causes an amplified decrease in 
current in the next stage that is 
similar to the general action in an 
amplifier operated from a d-c supply. 

A third and more stages may be 
added, although this is usually not 
necessary. 

A long time constant in the anode resistance-capacitor circuit 
is desirable for maximum amplification, but it slows down the 
speed of response. 

The Mallory Bias Cell and Mercury Battery. An interesting 
device for furnishing a small amount of grid bias in sensitive cir¬ 
cuits is the bias cell made by P. R. Mallory & Co., Inc., Indian¬ 
apolis, Ind. This small cell is made in two types, having poten¬ 
tials between elements of 1^ 2 and volts, respectively. No cur¬ 
rent can be drawn from them, 
but when used to furnish nega¬ 
tive grid bias they have a very 
long life and fill a unique need 
(Fig. 13.14). 

The Mallory mercury battery 
is another development which 
shows promise in industrial 
electronics. Although designed 
as a cathode supply for hearing 
aids, etc., it has been found to 
have an extremely long shelf 

life and low internal noise, two diameter of less than H in. 



Fig. 13.14. The Mallory bias cell. 
These small potential supplies have a 
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Fki. 13.13. An amplifier on 
an a-c supply. 
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fundamental requirements for a voltage-reference standard for 
regulating systems. For best results the battery reference com¬ 
posed of mercury cells should be used in a cathode-follower 
circuit wherein no current is drawn from the battery. 


Questions 

1 . Give an advantage and a disadvantage of the Class A, B, and C 
amplifiers. 

2. Sketch a “long-tailed pair” and tell why it is well adapted to fluctuat¬ 
ing supply voltages. 

3. What is a typical value of voltage amplification from a cathode- 
coupled stage? 

4 . Name and sketch three means for coupling a-c signals between ampli¬ 
fier stages. 

5. Draw a typical pentode a-c amplifier stage with decoupling by filter 
circuits for cathode and sen^en grid. 



CHAPTER XIV 


TIMING AND WAVE-SHAPING CIRCUITS 

RESISTANCE-CAPACITOR TIMING CIRCUITS 

The simple process of discharging a capacitor through a resistor 
connected across its terminals, directly or indirectly, is one of 
the most useful in industrial electron circuits and as such deserves 
careful study. Let us start with a typical circuit. One micro¬ 
farad of capacity is charged to a potential of 100 volts. A resist- 



0 Isec 2 Time 


Fig. 14.1. The resistor-capacitor timing circuit. 

ance of 1 megohm is connected across the capacitor terminals 
and a record is made, by cathode-ray oscillograph or other means, 
of the instantaneous voltage across the resistor (or the current 
flowing through it) as the capacitor is discharged (Fig. 14.1). It 
will be seen that the potential, starting at 100 volts, first drops 
sharply and then more slowly, for as it becomes lower it forces 
less current through the resistance. At the end of 1 second the 
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potential has dropped to about 37 per cent of its original value, 
or 37 volts; at the end of the next second, the value is 37 per cent 
of this amount, or about 13 volts. The end of the third second 
sees another reduction to 37 per cent of this value, or about 4.7 
volts. It follows that, no matter when we start our timing, no 
matter what the original charge on the capacitor, for a com¬ 
bination of 1 M^^and 1 megohm the potential will always drop 
to 37 per cent at the end of a second. 

Change of Component Values. Suppose the capacitor is in¬ 
creased to 2 /if and the resistor remains 1 megohm. There will 
be twice as many electrons to flow through the resistor and only 
the same potential to drive them; so it may be assumed correctly 
that it will take twice as long, or 2 sec, for the potential to drop 
to the 37 per cent value. The same is true if we use 1 /if but 
increase the resistor to 2 megohms. Twice the resistance means 
half the current at any potential; so again 2 sec will be required 
to discharge to 37 per cent. If either the resistance or the capaci¬ 
ty is made smaller, say, the resistance is reduced to megohm 
or the capacity to % i^f—but not both—the current flow will 
be doubled in the lower resistance path, or there will be half the 
electrons to flow. In either case, the time to reach 37 per cent 
voltage will be K sec. If we had reduced both to half value, the 
37 per cent point would have been reached in sec. 

The Time Constant.^ In each case it may be noted that the 
product of the capacitor in microfarads times the resistance in 
megohms equals the number of seconds required to reach the 
37 per cent potential point. This is a very simple and useful 
formula and one well worth remembering: 

C (/if) X R (megohms) = T (sec) to reach 37 per cent volts 

This time is often called the ^‘time constant’^ of a resistor- 
capacitor combination. 

Another way of expressing the time constant is that time in 
which the complete voltage change would have taken place if it 
had continued always at its initial rate (i.c., the intercept to the 
tangent at the start of the discharge curve). 

'A typical voltage decay curve and table will be found in the Appendix. 
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In the above explanation we have assumed that there were no 
other potentials present and the capacitor discharged to zero 
volts. In many cases there will be other potentials present, and 
the final charge will be not zero but some definite d-c potential. 
The same reasoning holds whether the final potential is higher 
or lower than the original charge potential. The time constant 
is always the time required to change the potential across the 
capacitor to 37 per cent of the differential voltage between the 
original and final states (Fig. 14.2). 

Variations of the Resistance- 


, er0.37(l00-60)+60=74v. 


capacitor Timing Circuit The i—i—-1 

use of a nonlinear resistance 1 | | 

in the place of the pure resist- I 

ance will produce a different- |qq^ ±Iz~T 

shaped discharge curve. One ; I 

such circuit is a pentode-tube 1 66v. 

circuit designed to pass con- | -T | 

stant current for any value of —- -- ^—*- 

anode potential. This particu¬ 
lar circuit will give a potenti¬ 
al-time curve that is a straight 
line, which makes it a very 

useful one for the timing _yZTlTlrrT:!._ 

sweep on a cathode-ray oscil- I [ 

lograph. Other resistors, in | I 

series with rectifiers, may be I I 

connected to parallel the q-}-^- 

principal resistor over selected Time.sec 

portions of the potential range 1 2 , Resistor-capacitor timing 

in order to modify the tim- circuit. Final volts not zero, 
ing curve, which must then 

be calculated separately for each portion between discontinuities. 

Factors Affecting Accuracy of Timing. The two elements, the 
resistor and capacitor, are sturdy devices not subject to great 
change in service; thus, timers based on the fundamental capacitor- 
discharge timing circuit are reliable and consistent. The care 
required in the selection of components depends on the accuracy 


Time, sec 

Fir,. 14.2. Resistor-capacitor timing 
circuit. Final volts not zero. 
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desired. For very accurate work, precision resistors, noninduc- 
tively wound of low-temperature-coefficient wire and mica, or 
liquid-filled capacitors are preferable to carbon resistors or electro¬ 
lytic capacitors. However, all capacitors have a slight dielectric 
hysteresis effect, which may cause slight errors if the circuit is 
required to time to a number of times the time constant. 

The only other factor influencing the timing is the potential to 
which the capacitor is charged. Since the discharge in unit time 
is always on a strictly percentage basis, the final potential is 
dependent directly on the original potential and will vary in pro¬ 
portion to it. Because most precise timing circuits arrange to 
discharge toward zero, the final potential is usually fixed at this 
value and is unaffected by variations in supply voltage. The 
charging voltage is often held constant by voltage-regulating 
tubes or similar means, or the control point is made to vary in 
proportion to the charging potential and thus to compensate for 
the variation in charging. 

The Time Constant of an Inductive Circuit. In a similar man¬ 
ner if the source of energy is applied, or removed, from a circuit 
having inductance and resistance in series, the time required for 
the current to reach within 37 per cent of its final value will be 

Inductance (in henrys) , 

Resistance (in ohms) 


Relaxation Oscillators. A gas-filled tube may be connected in 
series or parallel with a resistance-capacitor timing circuit to 
recharge the capacitor after the discharge has reached a certain 



ABC 
Ihyrafron discharge t^pes 


Fig. 14.3. Relaxation oscillators. 
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potential. After the capacitor voltage has risen to a, potential 
near enough to the supply potential, the arc through the tube can 
no longer be maintained and the tube ceases to conduct. This 
permits the discharge through the resistor to begin. If the gas- 
filled tube is one of the cold-cathode glow type or a hot-cathode 
phanotron, the discharge will continue until the striking voltage 
is reached across the tube, when conduction will begin once more 
(Fig. 14.3). If the tube is a thyratron, more freedom of action 
is permitted. By adjusting the grid potential the striking volt¬ 
age may be set over a wide range, or the cathode may be connected 
to the negative (varying) potential of the capacitor and brought 
down to meet the grid, which is held at fixed potential. 

The relaxation oscillator is useful as a linear time sweep for 
the cathode-ray oscillograph because of the saw-tooth shape of 
the potential-time curve, which permits the spot to move at con¬ 
stant speed across the screen and then jump back to the beginning 
for another sweep. Any cyclic phenomenon applied to the verti¬ 
cal plates and of the same frequency as the oscillator will appear 
as a standing wave spread on a linear time axis for study. 

The relaxation-oscillator output may be amplified and filtered 
to refine its unusual wave form in order to provide a simple source 
of a-c power from a d-c source. 


MULTIVIBRATORS 

Multivibrators are also called ^^square- 
wave” or “suicide” circuits. They are two- 
tube combinations in which the output of 
the second tube is fed to the input of the 
first to force it to saturation or cutoff when 
a critical point has been passed. If each 
anode transmits its potential change to 
the grid of the opposite tube through a 
time-delay circuit, it is clear that the re¬ 
occurring suicide action will cause the tubes 
to conduct alternately to produce self- 
excited oscillations of essentially square- 



Fig. 14.4. The multi¬ 
vibrator with synchro¬ 
nizing signals. 
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wave shape (Fig. 14.4). Although the length of time that both 
tubes conduct may be the same, this is not necessarily so. For 
example, in some television circuits where this circuit may be 
used in place of the relaxation oscillator, the difference in time 
of conduction may be 10 to 1. It all depends on the time constant 
of the timing circuits. 



Fig. 14.5. Various forms of multivibrators. 


Another feature of the multivibrator circuit is the possibility 
of applying a small outside potential to one of the grids to assist 
in holding the oscillation frequency in step with an external signal. 
Then, as the timing circuit permits the grid of the controlled tube 
to come near the critical voltage, the small additional voltage 
from the external signal will cause the tube to trip at the correct 
time. In this way the multivibrator may be made to run at 
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some subharmonic, say one-fifth or one-tenth, of the tripping- 
signal frequency. By utilizing a number of stages of multi¬ 
vibrators in this manner, precise low frequencies can be obtained 
from high-frequency standards such as might be obtained from a 
crystal oscillator. 



Sync. 

Fig. 14.6. Multivibrator synchronizing inciins. 

As in the case of the relaxation oscillator, the square-wave out¬ 
put of the multivibrator requires considerable filtering to round 
off the corners if a pure sine wave is required. 

Other Multivibrators. Although the basic multivibrator con¬ 
sists essentially of two pliotron tubes having their anodes and 
grids cross-connected through RC time-delay circuits, the exact 
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form may vary widely as seen in Fig. 14.5. In (a) the output is 
cathode-coupled. In (6) a tube having a screen grid is used as 
the second tube, and the drop in its series resistor is used to trigger 
the first tube, leaving the second anode completely free for other 
uses. “One-shot'^ circuits such as (c) and (d) go through a cycle 
only once each time a synchronizing signal is received. 

Various methods of synchronizing are illustrated in Fig. 14.6. 
Inspection will show that each circuit operates to permit the 
tube to begin conduction a little more readily when the 
synchronizing signal is in the proper part of its cycle. 

Cotmting Circuits, Count of Two, or ‘‘Binary.^' The multi¬ 
vibrator is self-excited and continues to operate at a fairly con¬ 
stant frequency, subject to only a slight delay or speed-up due 
to the synchronizing signal. Of almost equal importance is a 
very similar circuit in which the coupling is made direct through 

voltage dividers, rather than 
through capacitors, so that an 
input signal is needed for each 
transfer of current. This cir¬ 
cuit, shown in Fig. 14.7, is ex¬ 
tremely useful for high-speed 
counting. Although it has only 
two possible conditions or 
modes of operation, its output 
can be used to trigger another 
similar pair in cascade for a 
count of four. For each pair the count increases as a power of 
2. Five pairs, for example, permit a count of 32 in this so-called 
‘^binarysystem. 

The action of each stage is as follows: Assume the left-hand 
tube conducting and the right-hand tube cut off due to its grid 
potential being carried sufficiently negative on the voltage divider 
between the left anode and ground. The input signal is a brief 
negative pulse, drawing the left grid negative before capacitors 
Cl and C2 can change their charge appreciably. A negative left 
grid decreases the current in the left tube, its anode potential rises, 
drawing the right grid positive and permitting conduction in the 



Fig. 14.7. Count-of-two, or “binary/^ 
circuit. 
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right tube. As the right anode is drawn down, it forces the left 
grid down further, accelerating the current transfer in a manner 
similar to that in the multivibrator. The capacitors quickly re¬ 
charge to the new condition; and the circuit is again stable but 
with the right-hand tube conducting. 

Since the right and left circuits are symmetrical, the next sharp 
negative pulse will be effective on the right grid only to transfer 
the current again to the left tube. It is seen that the time con¬ 
stants of the capacitor circuits must be so related to the input- 
pulse wave shape that the proper grid-voltage swing is attained 
through the charged capacitor, but the capacitor must be recharged 
almost up to its new equilibrium condition before the next pulse 
arrives. 

The input trigger pulse for the next stage may be obtained by 
capacity-coupling the potential change of the right tube as shown 
in dotted lines. Twin triodes, such as the 6SN7, permit com¬ 
bining the two tubes of one stage into a single envelope. 

In large electronic computers pulses as short as 0.1 microsec at 
frequencies greater than 100,000 per second are used. Sometimes 
after a count of eight a feedback circuit resets the previous circuits 
so that two more pulses will trip the next stage, permitting a 
count of 10, which is better adapted to our decimal system. Small 
neon lights indicate conducting tubes and permit the count to be 
noted at any time. 

Some variations of the binary counting circuit apply input 
pulses to the cathodes or to the positive or negative bus, but the 
basic principle is still that of changing the critical cathode-grid 
relation of one tube as set up by the charge on the grid-divider 
capacitors. 

Counting Circuits, Count of Three or More. The principle may 
be extended to a stage having more than two tubes; for example, 
a ring of five tubes is common. This can be used with a binary 
pair to give a decimal system. In Fig. 14.8 a ring of three shows 
the typical circuit. Here note that each anode has a voltage 
divider to each grid except its own, but its anode is capacity- 
coupled to only one adjacent grid. The divider resistances are 
so selected that only two of the three tubes can conduct at once 
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in a stable state. If, for instance, tubes 2 and 3 are conducting, 
their anodes will be at such a low potential that the grid of tube 
1 will be too negative to permit its conducting. However, if the 
input signal pulse should draw all grids momentarily negative, the 
combined action of the anodes 2 and 3 will raise the potential of 
grid 1, causing tube 1 to conduct, lowering its anode potential, 
and thus driving the grid of tube 2 more sharply negative because 
of the capacity coupling. So as a result of the pulse, tubes 1 
and 3 will be left conducting and tube 2 cut off. As each pulse 
is received, the tube cut off rotates around the ring. 



For a ring of five wherein each anode is coupled to four grids, 
resistors of accurate value must be used for circuit reliability. 
Numerous circuit variations have been devised to overcome this 
and other handicaps of the basic circuit. Also in practical cir¬ 
cuits, some reset means must be provided. This might, for ex¬ 
ample, consist in removing anode power momentarily from one 
tube of each pair in the binary circuit. 

Coimt of Five by Energy Storage. The above counter circuits 
will count accurately input pulses of completely random time 
interval and record the count to the last digit. However, if the 
pulses are occurring rapidly at a fairly equal time interval, a much 
simpler form of counter may be used. Fig. 14.9 shows a typical 
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oount-of-five circuit used in radar and loran timing circuits to 
count cycles from a crystal oscillator. It operates on the 
principle of transferring a 
definite electron charge at 
each pulse from the input 
capacitor Cl through the rec¬ 
tifier FI to the storage capac¬ 
itor C2. Cl is recharged on 
each negative cycle of the 
input pulse through the action 
of rectifier 72. 

When C2 has been charged 
sufficiently to permit the triode 
73 to conduct, the transformer action between anode and grid cir¬ 
cuits drives the grids further positive. The resulting feedback 
action discharges C2 by grid rectification, and the sudden drop in 
anode potential provides the signal for the next stage. 

Wave-shaping Circuits. It has been indicated that the pulse 
applied to a counting circuit must have a definite shape. In 
Fig. 14.10 are shown typical circuits which might be used to con¬ 
vert a sine wave to the sharp negative pulses suitable for trigger¬ 
ing a counter. Circuit A is often called a “clipper^' circuit since 
its anode voltage is so low that the tube is driven from cutoff to 
saturation during a very small portion of the input wave so that 
the output is almost a square wave. A protective resistor in 
series with the grid prevents drawing of excessive grid current as 
the input signal rises far positive. Clipping can also be obtained 
without amplification by diodes placed at the upper and lower 
voltage level desired. The name is descriptive of the clipping, or 
rendering ineffective, the portion of the input wave outside of the 
narrow control-voltage range. 

The B circuit may take the square wave from A and, by using 
a very small coupling capacitor, will respond only to the rapid 
voltage changes, which will be succeeded by a rapid return to 
normal condition. This results in output pulses alternately posi¬ 
tive and negative if the whole of the input wave voltage lies within 
the grid control range. If the bias is so set that the normal grid 



Fig. 14.9. Count by energy storage. 
A fix(‘(l charge from Cl is transferred 
to C2 at each count. 
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potential is at the cathode or above, only the negative grid swings 
will be effective, while if the grid is normally biased to cutoff, 
only the positive swings will be used. 

The circuit C biases the grid to cutoff or below so that only 
the positive pulses are effective to produce the sharp negative 
swings needed for counter pulsing. 

A Two-tube Pulse-forming Circuit. A pulse-forming circuit 
using two tubes with feedback is adaptable to almost any form 




of varying input signal. In Fig. 14.11 we see that it is a cathode- 
coupled pair with direct coupling through a voltage divider from 
the first anode to the second grid. The anode resistor of the 
second tube is less than that of the first tube, and the first grid 
is actuated by the input signal. 

Assume that the first grid is so far negative that the first tube 
is cut off. As the first anode is at maximum potential, the second 
grid is also at its most positive point. The second cathode (and 
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with it the first cathode) rises slightly above its grid potential as 
a cathode follower. The second anode is at its most negative 
potential with full current flowing. 

As the first grid rises, whether fast or slowly, it eventually 
reaches a potential at which tube 1 begins to conduct. Its anode 
voltage drops, forcing the se(?ond grid negative and decreasing 
tube-2 current. Because of the difference in anode resistors, tube- 
2 current decreases faster than the current in tube 1 rises, result¬ 
ing in a net loss of current through the cathode resistor and a 
slight drop in cathode potential with re¬ 
spect to the first grid. This insures that 
the current transfer, once begun, will carry 
on to the limit, producing the square 
wave. The reverse action occurs when 
the input grid passes the critical voltage in 
a negative direction, at which the first tube 
current starts to decrease. The abrupt 
changes in potential of the second anode 
may easily be capacity-coupled to form the 
input signal to a counter or similar circuit. 

If the anode load of the second tube is 
a contactor coil rather than a resistor, 
an electron relay results which has a 
definite ‘^snap” action even though the 
input signal varies quite slowly. 

Clamping Circuits. A clamping circuit is one which adds a 
d-c voltage component to an incoming a-c signal. JThe incoming 
signal is introduced through a series capacitor and discharge re¬ 
sistor having a sufficiently long time constant so that there is 
little loss or attenuation of the a-c signal. If the positive or 
negative peak or maximum of the a-c signal is sufficiently con¬ 
stant, rectification will permit current to flow each time the a-c 
wave tends to rise above (or fall below) the set potential. The 
coupling capacitor will be charged to bring the desired d-c com¬ 
ponent to the required value. In Fig. 14.12 circuit A acts on 
the positive maximum, while circuit B acts on the negative maxi- 



Fig. 14.11. A pulse-form¬ 
ing circuit using two 
tubes. A positively act¬ 
ing relay may be made 
by using a contactor coil 
in the dash-line location. 
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mum. Circuit C is similar to A but uses grid rectification and 
permits amplification with phase reversal in addition to the 
clamping action. 


If the incoming signal has 
no consistent maximum or 
minimum but it is desired 
that at a definite moment 
it have a definite potential 
and change freely from that 
instant, the clamping circuit 
of Fig. 14.13 may be used. 
If the clamping tube permits 
the grid point, Aj to rise 
equal in potential to B, the 
outgoing circuit is clamped closely to potential B, This is seen 
to be true, for if D tends to fall below B the cathode follower 
action of tube 2 will cause sufficient electron flow to charge the 
capacitor C quickly to the B potential. On the other hand, if D 
tends to rise above Bj tube 2 will cut off and all of the electron 
flow from tube 1 will flow into the capacitor, charging it back up 
to potential B. 



Fig. 14.12. Simple clamping circuits. 



Fig. 14.13. Double clamp 
with grid release. 


However, when the clamping tube 
conducts to drive both grids below 
the tube-1 cutoff potential, neither 
tube conducts and the circuit from 
C to the output is unrestrained. 

Gating Circuit, Series Type. A 
gating circuit may be considered an 
electronic switch which can inter¬ 
rupt the principal signal at some 
point along its path. For example, 
the two-tube clamping circuit (Fig. 
14.13) is one form of gating cir¬ 
cuit, since when the grids are pos¬ 
itive the signal is not effective in the 
output circuit. The simplest form 
of gate is a multigrid tube as shown 
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in Fig. 14.14. If the signal voltage is applied to the first grid 
and the gating signal to one of the other grids, forcing the gate 
grid far enough negative will cut 
off the electron flow in the tube 
and make the first grid ineffec¬ 
tive. Such a circuit is often used 
to check the coincidence of two 
signals, as for example, the cutter 
and register mark position in a 
web register control. 

As the anode potential is def¬ 
inite when no current flows in 
the tube, this circuit is some¬ 
what more consistent than the 
parallel type of gating circuit described below. 

Gating Circuit, Parallel Type. This form of gate uses two tubes 
with anodes in parallel and a common anode resistor. The gat¬ 
ing tube may be a pentode and the signal amplifier a triode as 
shown in Fig. 14.15. Here the gate grid is held positive or at 
cathode potential to draw the anodes almost to cathode potential 
and render the triode grid ineffective. A gate grid negative 
enough to cut off the gate tube permits the anodes to rise to a 
potential suitable for proper operation 
of the signal triode amplifier. This 
circuit may be used with a much 
smaller gating voltage swing than 
the series type above. 

Variations and Combinations. The 
variations and combinations possible 
on even these few circuits are endless. 

It would be impossible for anyone to 
describe them all. At times circuits 
will be found in which even the cir¬ 
cuits included here will be so surrounded by refinements such as 
filter and decoupling circuits, etc., that it may be difficult to trace 
the fundamental circuit. But if a sincere attempt is made to 
learn the how and why of the functioning of these circuit elements, 



Pentode conduction makes 
triode ineffective. 



FiCf. 14.14. Series gating circuit. 
No tube curnmt unless both signals 
are present. 
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a long step will have been made toward an understanding of the 
over-all circuit. 


Questions 

1 . What factors affect the accuracy of an RC electron-timer circuit? 

2. Determine a capacitor and resistor value for a time constant of 3 sec. 

3. Draw a multivibrator circuit indicating a point for application of a 
synchronizing signal. 

4. What is a “binary'’ circuit? How is it used in a decimal system? 

5. Draw a simple clamp circuit. 

6 . What is meant by a gate circuit? 



CHAPTER XV 


A-C PHASE-SHIFT AND SWITCHING CIRCUITS 


Alternating-current Bridges and Phase-shift Circuits. In the 

discussion of the fundamentals of the primary elements of resist¬ 
ance, capacitance, and inductance (pages 83-101), the fact was 
brought out that when an a-c potential is applied to each of these 
elements the current in the resistance is in phase with the applied 
voltage, the current in the capacitor reaches its peak values a 
quarter phase ahead of the volt¬ 
age, and the current in the induct¬ 
ance lags a quarter phase behind 
the voltage. We will now see how 
these phase relations may be used 



to obtain desired grid-control 
effects. 

Vectors.^ If we represent the 
a-c voltage as the vertical projec¬ 
tions that a constant-length vector 
makes when revolving at a con¬ 
stant speed around its axis in a 
counterclockwise direction, then 
the current in the resistance may 
be represented by a current vector 
lying along the voltage vector, 
while the current in the capacitor 
becomes a current vector 90 deg 
ahead of the voltage vector, and 
the inductance current by a current 
vector 90 deg behind the voltage 



Fig. 15.1. Current vectors in a 
parallel circuit (e, common). 


^See summary of vector mathematics in Appendix VI. 
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vector (Fig. 15.1). The sum of the currents in all three elements 
may be found by adding the instantaneous values or, more simply, 
by plotting all three current vectors to the same amperes-per- 
inch scale and adding the vectors. The graphical addition of 
vectors is simple. Each vector must be kept its original length 
and pointed in the original direction but is moved so that all 
three vectors are touching, tip to base. The sum, or resultant^ is 
then one long vector drawn from the base of the last to the tip 
of the front one; its direction points as the front vector points, 
not in the reverse direction. 

Vectors, Series Circuit. In a series circuit the current is the 
common factor and hence is the common vector to which the 
voltage vectors of the potential drops across the elements must 
be matched. Here the drop across the resistor will lie along the 
current vector, the drop across the capacitor must lag the current 
by 90 deg, and the voltage across the inductance will lead the 

current by 90 deg (Fig. 15.2). The 
total voltage across the whole series 
circuit may be found by vectorial 
addition of the three individual 
voltages just as the total current 
was found in the case of the par¬ 
allel circuit. 

Often the values that are know n 
are the a-c voltage, the frequency, 
and the resistance, inductance, and 
capacity of the elements. From 
the frequency and Rj L, and C 
values the effective impedance of 
each element to the current flow 
is found, and, assuming unit cur¬ 
rent, the vectors are drawn to find 
the resultant total-voltage vector. 
By measuring this and dividing 
the known supply voltage by the 
number of inches, a volts-per- 
inch scale can be found by which 
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Fig. 15.2. Voltage vectors in a 
series circuit (i, common). 
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the individual voltages may be measured. The current can be 
found by dividing the voltage across any one of the vectors by the 
calculated impedance in ohms. 

This vectorial method of solution may b6 used to show reso- 
nan(;e and other physical phenomena discussed previously, and 
the reader may find it an interesting exercise to do so. How¬ 
ever, the use of vectors is a form of shorthand that must be used 
with great care in any circuit containing a rectifier. For this 
reason it was thought more desirable to gain an insight into the 
actual physical action that is taking place. 

A A 




Kkj. 15.3. The phasc'-shift semicircles. 

Phase-shift Circuits for Grid Control. The most useful phase- 
shift (‘ircuit combines a series resistor and capacitor or inductance, 
at least one of which may be varied, and a center-tapped trans¬ 
former winding. The series circuit is connected across the whole 
winding, and the output circuit is taken from the center tap and 
the junction of the two series elements (Fig. 15.3). 

Let us consider the value of this output voltage and its vector 
relation to the transformer-winding voltage. We know that the 
voltage across the resistor and the other element must be 90 deg 
out of phase and that their vectorial sum must be that of the 
transformer winding. From plane geometry it can be shown 
that the location of the series junction of two voltages at right 
angles must lie on the circumference of a circle having the total 
voltage at a diameter. The output volt.age becomes a vector 
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from the mid-point of the total-voltage vector to this junction 
point, so that by variation of the series elements we may change 
the direction of this vector over a theoretical 180 deg. Since it 
always extends from the center of a circle to the circumference, 
it stays constant in voltage. Under practical conditions, if only 
one of the elements can be varied, the whole 180-deg range is 
not available. 

Some control circuits permit the above-described phase-shift 
circuit to be used directly in the thyratron grid circuit. In 
others it is necessary to insert a transformer to insulate the grid 
circuit or circuits. If this is done, it must be remembered that 
the transformer is not 100 per cent efficient and energizing the 
transformer will add a parallel inductive load. Also, any grid 
current drawn will tend to load up the phase-shift circuit. To 
keep this grid current at a minimum, a protective resistor is 
usually placed in series with the grid. This resistance cannot be 
too high, or a small grid contamination current will cause erratic 
operation. If a capacitor is connected between grid and cathode 
to' protect the grid circuit from picking up any high-frequency 
fields, care must be taken that this is kept small so that its charg¬ 
ing current is not an appreciable load on the circuit. 

A number of the means for varying the impedances of the 
bridge elements have already been discussed. For manual con¬ 
trol a rheostat is the simplest means 
for changing the resistance. Elec¬ 
tronic means for achieving the same 
effect are inverse-parallel high-vacu¬ 
um-tube circuits, the series-imped¬ 
ance transformer, and a bridge circuit 
in which the current on both half 
waves is rectified to pass through the 
single tube in the correct direction 
(Fig. 15.4). A similar bridge circuit 
is used for a special purpose in the 
Reliance VSC Drive (see page 265). 
Variation of Capacity. Variation 
of capacity is not easy in the values normally associated with 



Fig. 15.4. The bisected recti¬ 
fier square, a single pliotron as 
an a-c resistance. 
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power-frequency circuits. Blocks of capacity may be switched in 
and out by standard tap switches. At high frequencies or when 
extremely high impedances are permissible at power frequencies 
(as in photoelectric circuits), the variable air capacitor of the 
typical interleaved-plate design may be used. Generally, though, 
control of phase by change of capacity at power frequencies is 
subject to too many disturbing factors and is not often used. 

Variation of Inductance. Variation of the indu(;tance element 
is easily accomplished by the use 
of the saturable reactor previous¬ 
ly discussed (page 106). This has 
become one of the most often used 
phase-shift means (Fig. 15.5). It 
has two advantages: (1) The d-c 
winding in the control circuit is 
insulated from the thyratron cir¬ 
cuit, and (2) the inherent insensi¬ 
tiveness of an inductive circuit to 
high-frequency transients permits 
this type of circuit to be unaffected 
by disturbances that might cause 
false operation of the thyratrons. 

Although one might think of the saturable-reactor circuit as 
being slow, the d-c power requirements are small so that most 
of the d-c supply voltage will appear in the cathode-anode drop 
of the tube controlling the reactor current. This can force a 
relatively high effective potential across the reactor when the 
tube grid calls for a current change. By this means the current 
can be varied over its whole range in 0.03 or 0.04 sec. Some¬ 
times series or parallel capacitors may be added to the a-c circuit 
to obtain partial resonance for special control effects. 

Phase Shifts from Three-phase Power. If two- or three-phase 
power is available, we find ready-made those out-of-phase vectors 
that previously had to be created by the out-of-phase current 
flow in an inductance or capacitor. If an electromagnetic device 
is available such as the Selsyn in which a three-phase field may 
be applied to the stator and an output voltage of any pluise rela- 



and a variable inductance to shift 
grid phase and a typical connec¬ 
tion to the thyratron grid. 
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tion may be taken from a rotatable secondary, the problem of 
obtaining a manually adjusted phase shift becomes a simple one 
(Fig. 15.6). Inexpensive means, such as a potentiometer across 




Fig. 15.6. A Sols}’’!! phase* shift(*r from threevpliasc a-r. 

one phase, will permit a phase shift adequate for many needs 
(Fig. 15.7). Of course, any of the phase-shift circuits used with 

C 


Fig. 15.7. A phase shift obtained by the ehange in length of a lixeal-phase; vector. 
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li sinj^le-phase source can be adapted to the three-phase source 
for greater flexibility. 

The Quadrature Phase and Variable D-C Control. The com¬ 
bination of a variable d-c voltage and an a-c voltage lagging 
90 deg behind the anode voltage is one of the fastest acting 
tliyratron grid-control circuits available. The a-c portion of 
the (urcuit may be obtained in many ways, although the simple 
resistor-capacitor square is one of the neatest (Fig. 15.8). This 
may be used with a transformer winding, with or without a center 
tap. If no center tap is available, the common point is taken 
from the mid-point of a high-resistance voltage divider across 
the winding. By referen(*,e to the normal phase relations between 



Fir,. 15.8. Phase shift obtaiiuni by a lixed quadratiin' lagging phas(* shift 
and a variable d-e voltage. 

grid and anode voltages, it will be noted that if the common point 
is connected directly to the thyratron cathodes the thyratrons 
arc fired at approximately the mid-point of the positive cycle. 
Tlie addition of a positive potential between the common point 
and the cathodes will cause the thyratrons to fire earlier, and a 
negative voltage will cause them to fire later. If the d-c poten¬ 
tial is obtained as the anode potential of a high-vacuum control 
tube, extremely fast control action is possil)le since there is no 
appreciable capacitance to charge or inductance current to change. 
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(The quadrature-phase circuit moves as a unit; the only retard¬ 
ing action here is the capacity of its elements to ground.) 

In addition to the advantage of speed, this circuit has the 
advantage for some applications that failure of the control tube 
will cause the thyratrons to turn partially on rather than to turn 
off. It has the disadvantage that the (control circuit is not 
insulated from the thyratron circuit; and, unless it is deliberately 

ABC 





Control by phase shift of constant voltage vector 



Fig. 15.9. Contrast of two forms of thyratron grid phase control. (Note 
poor angle of intersection between control and critical voltage in lower form.) 

slowed by the addition of shunt capacitors, it is very susceptible 
to high-frequency transients. This is especially true near the top 
and bottom ends of its range where the intersection between the 
control voltage and the thyratron critical voltage is least steep. 
[Contrast this with the steep wave front presented by the phase- 
shift form of control at all times (Fig. 15.9).] 

Standard Wheatstone bridge circuits, in which one or opposite 
legs are composed of a nonlinear element, such as a tungsten 
filament, thyrite, or one of the temperature-sensitive materials. 
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lend themselves well to voltage or temperature-sensitive control 
of such phase-shift circuits, either directly or when amplified. 

Inverse-parallel Kenotron and Pliotron as Resistance Element 
in Resistance-capacitance Phase-shift Bridge. Another circuit 
combining phase-shift and d-c components is shown in Fig. 15.10. 
If the potential of the pliotron grid is at about the mid-point in 



Fig. 15.10. liesistor-capncitor phase shift circuit using kenotron and plio¬ 
tron as the resistance element. 


its range, the pliotron will conduct as much electron current in its 
positive half cycle as the kenotron and series resistor conduct in 
the inverse half cycle and the circuit acts as the simple resistance- 
capacitor bridge on Fig. 15.3. 

The size of the capacitor is such that the major voltage vector 
of the phase-shift semicircle is the effective resistive drop across 
the tubes. Thus the capacitor reactive drop—which is the thyra- 
tron grid voltage—lags the thyratron anode voltage almost 90 
deg, even though the thyratron cathode is connected to the 
end of the bias transformer rather than the midtap (as shown 
previously). 

However, should the grid bias of the pliotron change so that 
its effective resistance decreases, more electrons will reach the 
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capacitor than are drained by the kenotron on the inverse cycle; 
so the capacitor will build up a basic d-c charge in addition to 
the normal ebb and flow of electrons due to the a-c potential. 
The negative d-c potential on the capacitor is added directly in 
the thyratron grid circuit and delays the thyratrop firing angle. 
This action is similar to that shown in Fig. 15.8. 

In a similar manner, if the pliotron conducts less than the 
kenotron, the d-c charge on the capacitor will reverse, and the 
thyratron firing angle will be advanced. (Should the pliotron 
cease conducting completely, the capacitor would charge up to 

the positive peak of the bridge 
winding voltage, but the thyra¬ 
tron will be fully conducting well 
before this condition is reached.) 

Half-wave Pliotron Rectifier 
and Series Capacitor to Obtain 
a Phase Shift. This circuit, shown 
in Fig. 15.11, has been used for 
phase shifting in the same man¬ 
ner as the circuits described 
above, the capacitor discharging through the grid transformer. 
It has proved satisfactory for a limited phavse shift; but its action 
is difficult to predict, since it is dependent on the stray reactance 
of the transformer and possible resonant effects. 

Series Pliotron-kenotron Phase-shift Circuit. As shown in 
Fig. 15.12 this ingenious grid-control circuit is used to control 
two thyratrons in a regulator or motor control supplied by a 
single-phase full-wave rectifier. It is a variation of the quadra¬ 
ture-lag and d-c shift circuit of Fig. 15.8. The a-c component 
of the grid voltage is made up of the transformer secondary ATSy 
the resistor 4/i, the capacitors 4C and 1(7, and the resistor 3i?. 
A vector presentation of the voltage distribution indicates that, 
neglecting d-c effects, the voltages across the capacitors 1C and 
4C, and hence the voltage on the thyratron grids, are of opposite 
phase and lagging the line and transformer voltage by nearly 
90 deg. But capacitors 1C and 4C may be charged with d-c 
also. This is the function of tubes 4 and 6A. If pliotron 6A 




Fia. 15.11. Pha.se shift by a single 
pliotron as a resistor (see also Fig. 
15.4). 
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is not conducting, the electron flow through kenotron 4 charges 
1C and 4C up to a maximum positive grid voltage, the peak of 
the voltage across the winding ATS, But when 6A conducts, its 
tube drop is much less than that of 4 and its series resistor 5/i, 
so that the net d-c charge on 1C and 4C is negative. So control 



Fig. 15.12. A phase-shift circuit using a kenotron and pliotron in series. 

of the current through 6A controls the d-c charge on 1C and 4C 
and the thyratron grid phase. 

The cathode of 6A is connected to an adjustable point on the 
reference voltage, the grid to a voltage divider across the load. 
Therefore, as the load voltage tends to rise, the grid of 6A rises 
with respect to its cathode, 6A conducts more current, the d-c 
charge on 1C and 4C tends to become more negative, and the 
average load voltage is closely regulated. 

This is the basic circuit for the General Electric Co. Thymotrol 
CR7507F101 and similar controls. 

Peaking Transformers. One of the advantages of the phase- 
shifting control circuit over the d-c quadrature-shift circuit is the 
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steepness with which the control voltage cuts the thyratron criti¬ 
cal voltage and thus the consistency with which the thyratron is 
fired in spite of slight variations in thyratron characteristics due 
to anode-voltage change, temperature, or slight tolerances between 
thyratrons of the same type. The steeper the wave front, the 
more accurate is the firing point; so for those applications requir¬ 
ing the greatest accuracy a special transformer having an extremely 
steep wave front has been designed. This is the peaking tram- 
forrner discussed on page 105. 

Besides its accuracy, another advantage of the peaking trans¬ 
former lies in the narrowness of its voltage wave. For example, 

suppose a peaking transform¬ 
er is superimposed on the 
slowly changing potential of 
a capacitor-resistor discharge 
curve. If the peaking voltage 
is greater than the discharge 
potential change over a full 
a-c cycle, this will ensure 
either that the thyratron 
will be fired at the correct 
point on the cycle or that it 
cannot be fired again until the 
following cycle (Fig. 15.13). 
In precise timing circuits 
this prevents partial cycle 

F.o, 15.13. .\ peaking transformer volt- conduction and the inaccu- 
age superimposed on an RC timing wave, racy due to the poor inter¬ 
section between the discharge 

timing curve and the thyratron critical control-voltage curve. 

Peaking Transformer and Series Out-of-phase Transformers. 
A typical means for energizing a welding transformer by ignitron 
and thyratrons is shown in Fig. 15.21. One way to control the 
grids of these thyratrons to ensure that the welder is operated 
at the desired phase angle is by a combination of a peaked voltage 
and an out-of-phase bias voltage in series (see Fig. 15.14). Actu¬ 
ally, it is seen that the grid circuit for the thyratrons (one only 



Switch opened erf 0 
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is shown) consists of the secondaries of three transformers. One 
is the peaking transformer, Tl. The primary of this transformer 
is energized continually from a phase-shift bridge, which may be 
adjusted to bring the peaked voltage to the desired firing angle 



Fig. 15.14. Peaking tranyfonnor and opposed-phase transformers in series 
for welder control. (Only one-half the circuit is shown. See Fig. 15.21.) 


(usually somewhere between 50 and 150 electrical degrees). 
Another secondary is that of the continuously excited out-of- 
phase bias transformer TS, which is of sufficiently high potential 
to prevent the peaked voltage from firing the thyratron. Finally, 
there is the in-phase winding of transformer T2y which is energized 
only when a weld is to be made. When this winding is energized, 
its in-phase voltage—although less than the out-of-phase voltage 
of TS —balances out enough of it to permit the peaked voltage to 
rise above the thyratron cathode potential and fire the thyratron. 

Magnetic-impulse Circuits for Firing Large Ignitrons. This 
circuit is used to ignite some of the largest pumped-tank type of 
ignitron rectifiers. It combines the principles of a number of basic 
circuits just studied but, instead of the usual saturated-core peak¬ 
ing transformer, uses a special saturating-core reactor (Fig. 15.15). 
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The proper phase range for the firing voltage is first selected 
for suitable voltage and phase from the three-phase power. This 
is similar to the action shown in Fig. 15.7. 



Fig, 15.15. Magncti.'-iinpulsc liriiig of an ignilron. 


The voltage thus obtained is next shifted in phase, as the load 
or output voltage requires, by a bridge circuit composed of the 
saturable reactor SL and the series reactance circuit, the reactor 
CL, and the capacitor PC. The action of the use of PC and CL 
in place of the resistor permits a greater phase swing and a some¬ 
what better wave form. 

The shunt capacitor PC acts somewhat as the energy-storage 
capacitor of the relaxation oscillator of Fig. 14.3, whereas the 
reactor LL acts as a series impedance replacing the resistance of 
Fig. 14.3. However, since this is an a-c rather than a d-c circuit 
these components also act as a series reactive circuit so that an 
a-c voltage appears across the capacitor PC. 
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The saturating-core reactor FL is the most essential part of 
this circuit. Its core is made of Nicaloi or other such magnetic 
material that has a saturation curve with a very sharp knee and 
flat top, so that once the circuit has built up to the saturation 
point the reactance drops to a very low value. (Note its satura¬ 
tion curve in Fig. 15.15, as compared with typical silicon trans¬ 
former steel.) 

As the voltage builds up across the capacitor FC, a very small 
current flows through the high reactance of the unsaturated 
reactor FL and the ignitor, which form a parallel circuit. How¬ 
ever, as soon as the current has reached a value sufficient to 
saturate FL, the sudden drop in reactance permits a large surge 
discharge current to flow from FC through the ignitor to fire the 
ignitron. This is similar to a relaxation-oscillator action, the 
impedance of LL limiting the current after FC has discharged. 
By proper design the time of the discharge current surge can be 
kept shorter than 15 (dectrical degrees. 

The usual metallic rectifier in series with the ignitor prevents 
reverse current flow during the inverse half cycle. The auxiliary 
anode shown in parallel with the ignitor and rectifier is called 
the ^^relieving^^ anode. As soon as ionization occurs and the arc 
is established, the major part of the ignitor current transfers to 
the relieving anode, thus preventing heating and injury of the 
ignitor. 

Although the rectifier prevents the inverse current from flow¬ 
ing through the ignitor shown, if there is another ignitron to 
be fired 180 deg out of phase with this one, the same circuit may 
be coupled through transformer action to make use of the inverse 
pulse. 

Grid-control Rectifier Tie. The inverse-parallel thyratron con¬ 
trol circuit is a useful one, but it imposes a serious problem of 
grid control since the cathodes are not at the same potential. A 
circuit has been devised for the phase-shift type of control that 
solves this nicely (Fig. 15.16). Rectifiers, usually of the metallic, 
or dry-disk, type, are connected with anodes to the opposite 
ends of the grid-transformer output winding, and cathodes are 
connected to each of the thyratron cathodes. In this manner 
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the winding will be effectively tied to whichever cathode is 
negative, permitting the grid to be fired at the proper time in 
the normal way while the grid of the opposite tube is held nega- 



Fig. 15.16. A rectifier tie for a single- 
grid transformer used with two thyra- 
trons. 


SO on, it is desirable to obtain 


tive. This is true even though 
the load characteristics may 
cause the potential between the 
thyratron elements to be well 
out of phase with the a-c supply. 

A Split-primary Current 
Transformer for Indication of 
Rectified Current. For current- 
limiting control, constant-cur¬ 
rent operation, regulation pro¬ 
portional to load current, and 
an accurate insulated indication 


of the rectified current. This is done in some circuits by means 




Fig. 15.17. A split-primary current transformer for reading n'ctifu^r output. 

of a split-primary current transformer as shown in Fig. 15.17. 
Balanced half waves flowing in the two halves of the primary com¬ 
bine to produce an a-c voltage in the common secondary. 

Series Impedance Transformers. A transformer having an 
open-circuited secondary acts as any iron-cored inductance in 
presenting a high impedance to the flow of an alternating current. 
Therefore, if such a transformer is placed in series with a load 
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and the a-c supply, it will permit only a small current to flow. 
However, if the transformer secondary is short-circuited, the 
short circuit will reflect a low impedance back to the primary, 
permitting a much larger current to flow through the load. One 
way to provide this short-circuit effect is to use two secondaries 
or a center-tapped secondary and short-circuit each of these on 
alternate half cycles by two 
thyratrons (or pliotrons) suitably 
connected (Fig. 15.18). If the 
center-tapped winding is used, 
the result. will be the same as 
that of the biphase half-wave 
rectifier with a zero load resist¬ 
ance. This circuit places both 
cathodes at the same potential 
and simplifies the control of their 
grids. 

There are two advantages and one drawback to the circuit 
described. As the turn ratio of the transformer may be varied 
over a wide range, the low-current high-voltage characteristic of 
the electron tube may be used most effectively to control a low- 
voltage high-current load. As the thyratron circuit is insulated 
from the load circuit, the thyratron cathodes may be connected 
into the control circuit as desired. However, even when no 
current is flowing in the secondary circuit, the transformer primary 
impedance is not infinite and the current flowing through the load 
cannot be stopped completely. 

The average effective impedance of the transformer can be 
adjusted by shifting the grid phase of the thyratron or, on low 
power circuits, by controlling the grid to vary the current flowing 
in the high-vacuum tube, if this type of tube is used. 

Ignitron Contactors. Two electron tubes connected in inverse- 
parallel in series with a load comprise the simplest form of elec¬ 
tronic switch for an a-c circuit. If the tubes are ignitrons or 
thyratrons requiring a positive grid for conduction, a simple con¬ 
trol circuit may be devised by joining and disconnecting the grids 
or ignitors (Fig. 15.19). Series resistors are added to protect the 


Load 


A.C. 




/_ 




Fig. 15.18. 
transformer. 


Eifher 
pliotrons 
or 

thyratrons 
The series-impedance 
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control 
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Fig. 15.19. An ignitron con¬ 
tactor (random-phase switch¬ 
ing by grid-circuit switch). 


thyratron grids, or rectifiers are used 
to prevent reverse current on the 
ignitors. The action when the control 
circuit is closed is as follows: Each 
grid or ignitor is effectively connected 
to the anode of its own tube through 
a rectifier so that, when in the a-c 
cycle the anode tends to go positive 
with respect to the cathode, the grid or 
ignitor is drawn positive, starting the 
arc and reducing the potential between 



Fig. 15.20. An ignitron contactor using the circuit of Fig. 15.19. (Courtesij 
of General Electric Company) 
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the grid and the cathode to the arc-drop potential. The grid 
current drawn at this low potential should not harm the ignitor. 

The above-described simple 
circuit will permit passage of 
only full current or zero cur¬ 
rent. If adjustment of firing 
to permit current flow over par¬ 
tial phase is desired, it is neces¬ 
sary to control the ignitors with 
hot-cathode thyratrons added 
to the control circuits (Figure 
15.21 and page 185, Fig. 15.14). 

Questions 

1. Draw a phase-shifting circuit using a center-tapped transformer, an 
inductance, and a r(*sistance. Will the phase-shift vector lag more or less 
as the resistance is decToased? 

2. Compare the saturable reactor bridge and the quadrature-phase and 
d-c phase-shift circuits, giving an advantage and disadvantage of each. 

3. Describe the action of an RC bridge using a kenotron and pliotron as 
the resistance element. 

4. On what principle is based the magnetic-impulse circuit used to fire; 
ignitrons? 

5. What is the advantage of adding a peaking transforinia’ to a phase 
shift on timing circuits? 

6. Draw the circuit for an ignitron contactor with a simple firing circuit. 



Fig. 15.21. An ignitron contactor. 
Thyratron firing control through grid 
transformer. 




CHAPTER XVI 


OSCILLATOR CIRCUITS 

Degeneration and Regeneration. When amplifier tubes were 
first used, their amplification factor was so low that the most 

important consideration was that of max¬ 
imum output per stage. However, with 
the extremely high gain possible in to¬ 
day’s tubes it has been found desirable at 
times to sacrifice amplification for other 
qualities, such as fidelity of output. This 
can be done in two ways. Each stage 
may be degenerated within itself. The 
simplest way is to fail to by-pass all or 
part of the cathode resistor so that the 
cathode is forced to rise and fall in po¬ 
tential with the grid as the cathode current changes (Fig. 16.1). 
Again, part of the output power may be fed back in series with 
the grid potential to neutralize its 
effect (Fig. 16.2). In each of these 
actions will be seen the desired 
effect of increased linearity of 
response at the expense of amplifi¬ 
cation. 

In some laboratory amplifiers in¬ 
tended for precise work the signal 
may be amplified for a number of 
stages before a part of the final 
output signal is brought back to 
compare with the input signal. For 



Fig. 16.2. Degeneration 
(output feedback). 



Fig. 16.1. Degeneration 
(swinging cathode). 
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example, if an amplifier has a normal gain of 10,000 but 
of the output is brought back to balance out the input signal, 
the reproduction of the input signals at the output will be ac¬ 
curate to better than 20/10,000, or 0.2 per cent, but the whole 
amplifier gain will be slightly less than twenty times. The whole 
subject of feedback amplifiers as closed-cycle control systems is 
discussed at length in Chaps. XVII and XVIII. 

Opposed to degeneration we have regeneration, in which the 
output is used to assist the input signal. To increase the effect 
of the input signal is desirable, but the big problem lies in con¬ 
trolling this cumulative effect. If only part of the losses of the 
amplifier circuit can be supplied, satisfactory operation is obtained, 
but it is extremely difficult to control the action. An increased 
input means an increased output, which fed back means a still 
larger input, a larger output, and so on, until control by the 
input signal is completely lost and the output-input loop takes 
the action to its limit. If the amplifier consists of an even num¬ 
ber of direct-coupled stages, the result is to cause some stages to 
pass maximum current while the stages between pass minimum 
current. If the input circuit can again regain control, causing 
the current to begin to change after a critical point is reached, 
the whole current pattern may instantly reverse, causing extremely 
sharp wave fronts and approximately square waves each time 
the input signal passes through the,critical voltage range. 

This suicide, or square-wave, circuit has a number of useful 
applications in electronic control since it duplicates in some ways 
the trigger action of the thyratron. One of the most familiar of 
these circuits is the multivibrator, described previously. 

Oscillators. In the discussion of the fundamentals of capaci¬ 
tors and inductances (page 122), it was found that they stored 
up energy given them so that the input and output energy were 
not equal at any instant. Now suppose one or both of these 
elements is added to our regenerative feedback circuit. The 
impetus added to the input signal may be a little late in becom¬ 
ing apparent in the output circuit (rather than instantaneous, as 
in the case of a wholly resistive circuit) so that the maximum 
effect is reached more slowly. However, once it has been reached, 
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the energy stored in the system begins to return. We know that 
this means a reversal of voltage across the inductance or a reversal 
of current to the capacitor. This results in a reverse signal’s 
being transmitted to the input; so the grid swings to the opposite 
extreme. This periodic surging of energy naturally occurs at a 
fairly constant frequency determined by the values of inductance 
and capacity in the circuit. Since the circuit is continually sup¬ 
plied with energy from the anode supply at the dictates of the 
swinging grid, it can continue indefinitely as a sustained oscilla¬ 
tion. This type of oscillation may be contrasted to those described 
earlier (page 94), which were shock-excited damped oscillations 
and which died out as the original energy was dissipated. 

When undesired oscillations develop in a circuit, they can be 
very annoying. In sensitive circuits special care must be taken 
to prevent output signals from affecting the input. Decoupling 
filters are placed between the circuits, and metal shields are 
placed to prevent stray electromagnetic or electrostatic fields 
from coupling input and output circuits. 

Properly designed, the vacuum-tube oscillators are the most 
important source of high-frequency power. Some of the most 
useful oscillator circuits are shown in Fig. 16.3. In all circuits, 
except the crystal oscillator, it will be seen that the tube output 
is coupled back in reverse phase to the input by transformer, 
autotransformer, or capacitor coupling. In the crystal oscillator 
the only coupling is that within the tube itself. The load is 
usually coupled to the anode inductance. 

Two details are of especial interest. The resistor-capacitor 
parallel circuit in series with the grid draws grid curnmt and 
charges up when the grid tends to go positive, thus holding an 
automatic grid-bias potential at an efficient point. The crystal 
in its specially constructed holder acts as an extremely sharply 
tuned resonant circuit, which, when the crystal is cut carefully 
in a special way and is kept at a constant temperature, permits 
the circuit to oscillate at an almost unbelievably constant rate, 
never varying more than a few parts in a million. The frequencies 
of the other circuits may be changed easily by adjusting the 
capacitors or inductances and will drift slightly as the com- 
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ponents change temperature. Sometimes this drift is minimized 
[)y special capacitors whose dielectric changes its characteristics 
to oppose the changes in the rest of the circuit. 

The mechanical analogy of the electronic oscillator is the action 
of the balance wheel of a clock or watch. The hairspring in its 
state of tension, distended alternately in both directions from 
neutral, corresponds to the capacitor and its electrostatic stress. 



Hartley Crystal Colpitts 



Meissner Feedback oscillator 


Fig. 1G.3. Common oscillators used to generate radio freciueneies. 

The balance wheel, started rotating by the spring tension, is 
carried by its inertia and stored kinetic energy past the neutral 
point and tenses the hairspring in the opposite direction. And 
finally the pawls and escapement are timed in sequence with the 
movement to apply power from the mainspring potential-energy 
source at the proper instant to replace the friction (resistance) 
losses, or work, occurring during the cycle. 

Although most oscillators are of the usual resonant-circuit type, 
there are two of a different kind that may have some use in 
industrial circuits. The first, used in low-frequency oscillators, 
is the so-called resistance-capacitor (RC) type (Fig. 16.4). It 
works on the principle that, if in a series circuit, a resistor and 
a capacitor are connected across a potential, the voltage drop 
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across the resistance will be advanced in phase and the voltage 
drop across the capacitor will be retarded. If, then, a second 
RC series circuit is connected across this first capacitor potential, 
the relation of its capacitor potential to the original potential 
will be even more retarded. If this process is carried through a 
number of times, the final capacitor potential will be a full 180 
deg away from the original potential, so that if the first potential 




Fio. 16.4. A rcsistaiic(‘-(*apacitari(!e oscillator. 


is that of the anode of a tube and the resulting voltage is applied 
to the grid of the vsame tube we have the ideal condition for an 
oscillating circuit, the frequency of which is that at which the 
capacitor and the resistor have the proper ratios of impedance 
for the 180-deg shift. The frequency can be adjusted by chang¬ 
ing either the capacity or the resistance of each element. 

For example, if at a certain frequency the impedance of the 
capacitor is equal to the resistance of its adjacent resistor and 
the loading of succeeding stages may be neglected, the voltage 
across the capacitor will lag 45 deg behind the input. Four such 
stages will add up to 180 deg. Since the vector length decreases 
to 0.707 of the input each time, an initial amplification of at least 
four times is required for oscillation. On the other hand, if the 
impedance-resistance ratio is such that each phase lag is 60 deg, 
phase reversal, or 180 deg, will be reached in three stages but 
an amplification of eight is required. These are theoretical 
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amplification minimums; the loading due to succeeding stages 
will always demand more. 

The Parallel-T Oscillator. This oscillator makes use of degen¬ 
erative feedback between two tubes for all frequencies except the 
one greatly attenuated by 
an RC network known as a 
parallel-T network, which is 
shown within the dotted line of 
Fig. 16.5. Like the RC oscil¬ 
lator above, it is useful for very 
low frequencies since it con¬ 
tains no inductive elements. 

The Negative Transcon¬ 
ductance Oscillaifor. This 
unusual type depends on a Lm. 16.5. The parallel-T oscillator. 

„ . . ,1 Tjow impedance from anode to grid 

unique feature ot a pentode desired frequency and from 

tube (Fig. 16.6). The total cathode to grid for other frequencies, 
electron current to be collect¬ 
ed by both screen and anode is controlled by the first grid, so 
that if this grid potential is constant the total current is rela¬ 
tively constant. If the suppressor (No. 3) grid is used as the 
control grid, it will be noted that as it becomes negative the 



electrons are impeded in their 
flight to the anode and naturally 
flow to the screen, increasing the 
screen current. Thus, we have 
only to connect the screen as the 
output element and couple it by 
a capacitor to the suppressor grid 
in a suitable revsonant circuit to 
fulfill the conditions of an oscil¬ 
lator. This is not an efficient 
oscillator, but it has interesting 
possibilities for some applications. 



Fig. 16.6. The negative transcon¬ 
ductance oscillator. 


Thyratron Inverters. If the vacuum tubes in the multivibrator 


(Fig. 14.4) are replaced with thyratrons capable of carrying heavy 


currents more efficiently, we have the elements of the typical 
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parallel inverter circuit for converting d-c to a-c. The anodes 
of the two tubes feed into the two ends of the center-tapped 
primary of the load transformer (Fig. 16.7). Since the thyratrons 
cannot be extinguished by driving the grids negative, it is neces¬ 
sary to force the anode potential below the arc potential and hold 
it there long enough for the tube to deionize. This is done by 

___ connecting a fairly large capacitor 

I I aT ouf between the two anodes. The 

1 L_^- anode of the thyratron that is 

i conducting will, of course, be at 

P.C./n .— a lower potential than the anode 

• ^ nonconducting tube, and 

i the capacitor charges up ac- 

I " I y \ 

n cordingly. Then, as the second 
_ y thyratron is caused to conduct, 

Fio. 16.7. .\ parallel-type thyra- potential of its anode is 

tron inverter. lowered and, by its connection 

through the capacitor, forces the 
first anode negative while the capacitor discharges. While the 
anode is negative, the thyratron ceases to conduct and has a 
chance to deionize. The capacitor rapidly reverses its charge 
and is ready to repeat the operation on the second tube when 
the first is again fired. The primary current in the transformer 
primary, flowing alternately both ways to the middle, produces 
an alternating voltage in the secondary and permits an alter¬ 
nating current to flow in it. However, because the load current 
is reflected back into the primary, the load must be known fairly 
accurately for proper inverter design. There must always be 
sufficient capacitor effect (leading power factor) to permit com¬ 
mutation and deionization. 


Fig. 16.7. A parallel-type thyra¬ 
tron inverter. 


The timing of the grid firing, which determines the frequency 
of the a-c output, may be obtained from the tubes themselves 
as in the case of the multivibrator, or it may be obtained from 
an external circuit. Since the deionization time of a thyratron 
is comparatively long as expressed in microseconds, the output 
frequency of an inverter is limited to a few hundred cycles even 
with thyratrons designed for rapid deionization. 
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High-frequency Heating. Perhaps the most extensive use of 
high-frequency power in industry is for heating. It is very 
expensive for the actual amount of heat produced, since it has 
been estimated that 1 calorie of high-frequency heat costs as 
much as 1000 calories from coal. But high-frequency heat is 
unequaled in the accuracy with which the heat can be controlled 
as to intensity, timing, and area of application. 

The field of high-frequency heating may be divided into two 
parts, the induction heating of 
metals or other conductors, and 
the dielectric heating of in¬ 
sulating materials. These are 
suggested in Fig. 16.8. 

Induction HeatiUg. For in- 
d- iction heating a coil carrying 
the high-frequency power is 
placed around the metal part 
to be treated so that the part 
lies in an intense alternating 
magnetic field. Eddy currents 
are set up in the elemental 
secondary loop within the 
metal surface by transformer action, and the power loss 

appears as heat in the metal. 

As the frequency increases, higher effective voltages and cur¬ 
rents arc induced near the metal surface so that at frequencies 
in the order of kilocycles the actual current necessary to balance 
the magnetic-field induction extends only a few thousandths of 
an inch below the surface. Thus, this form of heating, in which 
the surface can be brought to a high red heat quickly and quenched 
immediately, is ideal for operations such as surface-hardening 
shafts or gear teeth to produce a good wearing surface while 
permitting the interior to remain tough and flexible. A typical 
application and fixture is seen in Fig. 16.9. 

Completely automatic operation may be obtained by a con¬ 
veyor system to present the part within the coil, and timing and 
sequence control, often electronic, to apply the proper amount 


Incfuctfon Heat Dielectric Heat 
to Kilocycles 


Heats Surface of Metals Heats Dielectrici. 

Throughout 

High Frequency Heating 

Fig. 16.8. High-frequency induction 
and dielectric heating. Th(i material 
near the surface of the metal S acts 
as a transformer secondary coil for 
the primary coil P. 
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of heat and then to turn on the water from a spray ring surround¬ 
ing the heating coil. 

Other interesting uses of induction heating are heat applications 
for automatic soldering and brazing, and the flow brightening of 
electrolytic tinplating, in which the temperature of the dull tinned 
surface is raised above the melting point to flow to a bright, 
continuous surface. 



Fig. 10.0. An induct ion-hoating application. The ax edge is heated and 
quenched to obtain the proper hardness. 


For heating of large pieces with some heat penetration 60-cycle 
frequency is sometimes used, but frequencies of 1 to 10 kilocycles 
from rotating equipment or ignitron inverters are more common. 
For minimum penetration pliotron oscillators are employed. 
Frequencies of over a few hundred kilocycles are rarely used, 
however, because while higher frequencies would limit the heat 
production to a thinner layer, thermal conduction within the 
metal carries the heat inward so fast that there is little practical 
gain at the higher frequencies. 

The high-frequency power is most often supplied by a Colpitts 
oscillator obtaining its d-c from an unfiltered one- or three-phase 
double-way rectifier. 

Dielectric Heating. The heating of dielectric or insulating 
materials by high-frequency power depends on the heat due to 
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the intermolecular friction within the material as it is subjected 
to the rapidly changing electrostatic field. So, in order to obtain 
the maximum heating with the minimum applied voltage, the 
highest economical frequency must be used, and dielectric heating 
frequencies are in the megacycle 
range. Multicavity magnetrons 
and klystrons are sometimes used. 

As the heat in the dielectric 
material is due to the stresses set 
up within the material rather 
than to eddy currents at the 
surface, the heating is uniform 
throughout. This is something 
very difficult to accomplish by 
ooher means in which the heat is 
applied externally since most di¬ 
electrics are poor heat conductors. 

For example, the preheating of 
plastic material before moulding 
(see Fig. 16.10) maybe done in 
.seconds by high frequency, where¬ 
as to bring the interior of tlie 
m.aterial to the same temperature 
in an oven would take much long- ,v i * • u f 

” I'lc. Ib.lO. tJicleotric heating of 
er. Indeed, for some materials plastic preforms. 

the surface might have been pre¬ 
maturely cured and unusable before the center reached the 
desired temperature. 

Other popular applications are the setting of glue in furniture 
and plywood and the fast defrosting of frozen foods. 
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Questions 

1 . What is meant by degenerative coupling and what is its usual purpose? 

2. Name and sketch three types of high-frequency electron-tube oscil¬ 
lators. 

3. What is the principle of the RC oscillator? 

4. What two fundamental laws must be met by any oscillator? 

5. Draw a negative transconductance oscillator and explain its princip](‘ 
of operation. 

6 . What special precaution must be taken in th(' design of a thyratron 
inverter? 

7. Name the two most useful types of high-freqiKHicy heating and give 
two applications of each type. 
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CLOSED-CYCLE CONTROL SYSTEMS 




CHAPTER XVII 


REGULATING OR CLOSED-CYCLE CONTROL SYSTEMS 

Control systems may be divided into open- and closed-cycle 
systems. In both cases there is a controlling independent vari¬ 
able, usually designated by the letter which is the system 

input. The output or controlled variable is usually represented 
by the Greek letter (These come from wartime gun-laying 

and radar-control practice where D was the director and d the 
angle turned.) 

Open-cycle System. In an open-cycle system there are control 
elements which amplify the power of the input D to control the 
major power elements to vary B as desired. The over-all gain 
in amplification between D and 6 is designated by fx (mu). This 
Greek letter was also used for the voltage amplification in a 
pliotron, but in this case pt is a comprehensive term including 
variations and lags which may occur throughout the system. 

An example of an open-cycle system might be a generator with 
a field rheostat for voltage control. The position of the rheostat 
knob is the independent variable which the operator changes 
when he wishes to vary the dependent variable—that is, the 
output voltage. For a given knob position, the voltage may 
also vary because of changes in exciter voltage, generator speed, 
load current, and other factors. In an attempt to maintain a 
constant voltage, the operator must be eternally vigilant to note 
any changes in the voltmeter reading and to manipulate the 
knob to correct the error. 

Closed-cycle System. In a closed-cycle system automatic means 
are used to replace the action of the operator. A signal F, indica¬ 
tive of the condition of the controlled variable, is returned to be 
compared with the D signal to find if the controlled variable has 
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the desired value. The D signal now becomes a reference, and 
the input to be amplified by the control elements is the difference 
between D and F, known as the actuating, or error, signal and 
represented by c. The whole circuit path between 6 and F is 
called p (beta). This, like J^ay be a variable containing time 
lags, although usually it is a fixed ratio, often unity. To take a 
voltage regulator as an example, the reference D may be a glow 
tube, the feedback voltage F taken directly from the output 
voltage by means of a simple ^ circuit consisting of a voltage 
divider. 


Open Cycle System Closed Cycle System 



Note that F must always be of the same form as I), in this case 
a voltage. Hence, for other systems in which d might be posi¬ 
tion, speed, current, temperature, pressure, etc., if D is volts, the 
^ circuit must translate the output into volts for comparison 
with D, If D had been a weight or a spring tension, F might 
be a magnetic pull or a hydraulic pressure on a bellows to be 
balanced against D. 

Block diagrams of the open- and closed-cycle systems in Fig. 
17.1 may make the difference clearer. Since electronic amplifiers 
and stabilizing circuits are playing an ever increasing part in the 
operation of high-performance regulating systems, a basic knowl¬ 
edge of their operation is very important to the industrial elec¬ 
tronic engineer. 
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Equations of the Regulating, Closed-cycle System. Simple 
mathematics will help point out the important features of a 
regulator. From the relations described above, we know 

D =e + F 


e = fiXe 

and 

F = 6 or tiXeX^ 

so that 

Z) = 6 + 

If we next divide Q by D, we have 


^ _ /xe /X 

D C + 1 + /LX^ 

7’his means that the ratio of the controlled variable to the inde¬ 
pendent variable input is 

A = M 
D 1 + M? 


With electronic amplification it is possible to make /x quite large 
so that we may replace 1 + l>y Then 

e M 1 

D & 

This tells us two things. If /x is large, it may vary widely in 
value because of voltage and tube changes, generator field heating, 
speed, etc., without greatly affecting the S/D ratio. On the 
other hand, any change in the ^ circuit is reflected immediately 
in the 6/D ratio. Note that this ratio is inversely proportional 
to If ^ is 2, ^ will be one-half of Z>. If we wish to hold 

250-volts generator output with a 150-volt glow-tube reference, 
P becomes 0.6. 

Simple mathematics also shows us that the ratio of the change 
in output 6 which will take place with a change of Z) in a closed- 
cycle or regulating system to that occurring in an open-cycle 
control system is 1/(1 +In return for this superior perform¬ 
ance, we must provide a much larger value of y in the closed- 
cycle system. 
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Limitations in Possible System Amplification. Since everything 
so far has indicated that a higher value of /i gives better perform¬ 
ance, the question arises as to how high /li may be raised in a 
practical system. The answer is not a simple one and depends 
very much on the speed of response required from the system. 
No system can respond immediately to the director or error signal. 
There are always places where energy must be stored, such as in 
the inductances of magnetic fields, the inertia of rotating and 
moving parts, circuit capacitances, etc. 

To consider the effect of this energy storage, let us return a 
moment to a circuit studied previously—the RC oscillator of 
page 195. There we found that the energy stored in a series of 



Firj. 17.2. An electronic speed-regulator system (piite likely to oscillate be¬ 
cause of lags in the exciter and generator field response and to the high in¬ 
ertia load. 

capacitors caused the signal to lag until, if there were three or 
more lag stages, the signal had lagged a full 180 deg before it 
returned to the input grid. Further, if the tube and network 
amplification, or was sufficiently great so that the returned 
signal was equal to the initiating signal, the circuit became an 
oscillator. 

The Closed-cycle System as an Oscillator. A glance at a 
closed-cycle regulating system having a high value of /x and a 
number of lags, such as Fig. 17.2, indicates that it is quite similar 
to the RC oscillator and under proper conditions will itself oscil¬ 
late, or ^‘hunt.'' This occurs if its feedback signal F becomes 
reversed in phase because of system lags and is equal in value 
to the input error signal e. Thus, while it is relatively easy to 
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obtain a highly accurate output ratio of d/D by increasing /x, 
to attain that accuracy and still have a system which is stable 
and does not tend to oscillate is an engineering problem of serious 
aspect. Obviously, the first step in attaining a stable system is 
to limit the value of /x to as low an amount as is consistent with 
the required results. 

The Nyquist Approach to Stability Studies. In the 1930^s Dr. 
H. Nyquist and his associates in the Bell Laboratories developed 
an approach to the study of system stability which is basically 
simple and straightforward and eliminated much of the tedious 
mathematics previously necessary. Previous methods had applied 
a sudden change to the independent variable D and, by advanced 
mathematics, determined the resulting change in the controlled 
variable d. The change of any circuit constant required a com¬ 
plete new set of calculations. 

In the Nyquist approach, instead of attempting an over-all 
solution immediately, the solution is split into a number of steps. 

The Nyquist Diagram for Loop Gain. The first step was the 
opening of the loop at the Z), F, e junction and treating the 
circuit as an open-cycle system. An 
actuating signal e is applied which con¬ 
sists of a small sine-wave a-c voltage 
of constant amplitude and variable 
frequency (see Fig. 17.3). For each 
frequency the amplitude and phase 
angle of F in relation to e is determined. 

This may be done either analytically 
or physically. The magnitude of e is 
presumed small enough so that non- 
linearities of the system are not appre¬ 
ciable. Values for a sufficient number of frequencies are taken 
so that a plot of the F-vector loci will be a smooth curve from 
very low to very high frequencies. A typical curve for F, called 
a Nyquist diagram or plot, is shown in Fig. 17,4. The relation 
between F and e, the complete story of a sine-wave signal 
through the system to the controlled variable and back 

through the feedback path, is often called the ‘doop gain.” 



Fig. 17.3. The Nyquist ap¬ 
proach. F is compared in 
phase and magnitude to e 
as the frequency is changed. 
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Closing the Loop. Having found the relation between F and e 
for any frequency for an open loop, the next step is to study the 
effect of this combination of components as the loop is closed 
into a closed-cycle system. 

One of the fundamental equations of the closed-cycle system is 
[. 4 j 2 D =e + F 

If we limit ourselves to sinus¬ 
oidal signals as Nyquist does, 
D becomes simply the sum of 
the two vectors e and F. For 
the Nyquist plot of F/e we 
assumed e to be a real positive- 
unit vector, and the length of 
F in the same units with its 
phase relation was plotted for 
a range of frequencies. To determine D, therefore, we have but 
to add the constant-unit vector e to F as plotted and draw the 
resultant D for any desired frequency. This can be done by 
placing the unit vector with the tail at -1 and the tip at the 

origin on the Nyquist plot. Values for 
F and D for two frequencies are seen in 
Fig. 17.5. The triangle thus formed is 
the key to the whole Nyquist approach. 
Its shape is fixed for a given system 
and frequency. Its size, assuming lin¬ 
earity, is known if we know the length 
of any vector. We began by considering 
e as a unit vector in the open loop, but more often in practice the 
known vector is the reference or independent variable D which 
sets the triangle size. Also, we are usually more interested in the 
relation between D and Fy the independent variable and the 
feedback signal, which is usually closely associated with the con¬ 
dition of the controlled variable, than we are with the error signal. 

The Closed-cycle System as an Amplifier Element. Later we 
shall find that the closed-cycle system may itself become a series- 
amplifier element of a larger system. When this is the case the 



triangle at two frequencies. 



Fig. 17.4. A typical Nyquist plot. 
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F/D ratio and phase angle must be used as the transfer (or out¬ 
put/input) function through the closed-cycle element under 
consideration. See Fig, 18.15 for a typical example of such an 
over-all system. 

Relation between F and 6. Once the triangle shape and size 
are known, the value and phase angle of F are known and from 
this 6 may be found. However, in most stability studies, if the 
^ circuit is assumed a fixed constant, the 6 vector lies along 
the F vector but is of different length, 
so we find it most convenient to deal 
with the F vector directly. 

Zero Frequency Response, Type 0 
Systems. We shall call a Type 0 system 
oiie in which for .zero frequency the F 
vector lies in the same direction as the 
e vector. Then D must also take this 
direction, as in Fig. 17.6. A study of 
this simple relation makes it plain that 
F/D can never be unity, that is, F can 
never follow D exactly, although as 
is increased the discrepancy due to e 
may become very small. 

Zero Frequency Response, Type 1 Systems. In Type 1 systems 
the error signal is amplifi(‘d to produ(‘e not 6 directly but a change 
in d. For example, in a position regulator such as the side- 
register control or a servomechanism, the signal due to position 
error is amplified to control the speed of a motor, which produces 
a change in position. The actual controlled position is due to 
the sum of all the motor actions over a given period of time. In 
(*alculus this is called the “integration^' of a motor speed over 
time. When dealing with sine waves, the “integral" is found to 
be a negative cosine, or a vector lagging the sine vector by 90 deg. 
But as we approach z(*ro frequency, the period over which we 
“integrate" becomes longer and longer, so that at zero frequency 
we have an F vector of unlimited length pointing straight down. 
The D vector must complete the triangle, so it will also be infinite 
in length. Thus, for z('ro frequency at least, F and D may be 



^ Fo 


Do 

J^'iG. 17.6. A Typo 0 systoin 
with zero fn'quoricy plot. 
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considered equal and for standstill conditions F will coincide with 
D, Figure 17.7 suggests this triangle shape. 

In actual practice we know that if a position-error signal will 
cause a motor to operate to reduce this error, the motor will not 
stop turning until the error has been reduced to zero. However, 
if D is continuously changing so that the position must also change 



Fig. 17.7. A Type 1 system with 
zero frequency plot. 


or integration, between e and F. 
quency this means an F vector 


continuously, there must be an 
error signal to be amplified into 
motor velocity to change the 
position. Hence, although Type 
1 systems have no static posi¬ 
tion error, they do have a ve¬ 
locity error. 

Zero Frequency, Type 2 Sys¬ 
tems. In order to avoid velocity 
errors, systems have been de¬ 
vised in which the error in posi¬ 
tion produces an acceleration 
effect, that is, a change in the 
rate of change of position. This 
requires a double summation. 
In sine-wave systems at zero fre¬ 
opposite in direction to e and of 


infinite length (see Fig. 17.8). We shall soon see that such a sys- 



Fig. 17.8. A Type 2 system with zero frequency plot. 


tern is inherently unstable unless special precautions and difficult 
corrective measures are undertaken. 
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Type 3 and higher systems are so difficult to stabilize and so 
rarely used that they will not be considered here. 

Overshooting and Hunting. It must be remembered that the 
90-deg and 180-deg phase lags due to integration action in the 
Type 1 and 2 systems are characteristic of the systems and must 
be added to any inductive or inertia lags due to system com¬ 
ponents. The Nyquist F plot may have a different shape for 
each type, but once an F vector has been determined for a given 
frequency in any system, the formation of the D, e, and F triangles 
and the resulting knowledge is the same regardless of system type. 

In Fig. 17.9 triangles are drawn for three typical F vectors. 
In (a) F is less than D, a condition previously discussed under 
zero frequency. In (6) the F vector has 
swung between 90 and 180 deg and is now 
saen to be slightly greater than D. In 
other words, if the independent variable 
D is varied sinusoidally, the feedback 
signal, and usually the output, $, will 
swing over a greater range than it would 
for very low or zero frequency. A little 
“overshoot’^ of this nature usually is not 
harmful, and most systems can tolerate an F/D ratio of 1.3 to 1.5 
without ill effects. 

It has been found by experience that a sine overshoot of F/ D 
ratio in the range of 1.3 to 1.5 corresponds rather closely to the 
maximum peak overshoot which will occur if a step function, or 
sudden change, is applied to the system. Also, the frequency at 
which the system will oscillate before settling down corresponds 
closely to the frequency point on the Nyquist plot at which the 
maximum F/D ratio occurs. 

M Circles to Determine Maximum F/D Ratio. Because of 
the importance of the ratio F/Dj it is often called M and curves 
for a constant M value may be superimposed on the Nyquist plot. 
Simple geometry shows that these constant M curves are circles, 
all of which surround the —1 point as shown in Fig. 17.10. By 
their aid it is easy to determine the maximum value of M and 
the frequency at which it will occur. 



Fig. 17.9. Nyquist tri¬ 
angles for study of F 
and D relationship. 
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Inverse Nyquist Plots. Some workers find it more convenient 
to consider the F vector as the unit and to plot e/F rather than 
F/e. Then the length of the D vector becomes the inverse of F/D 
for, since F is unity, F/D = 1/D. The M circles all have 
their center at — 1, but, since measuring the shortest D and taking 
the inverse is so simple, these M circles need rarely be drawn. 

Regardless of whether the inverse function is used or not, it 
must be remembered that the shape of the cFD triangle for a 



Fig. 17.10. M circles to indicaio F/D ratio. The curve shown has a maxi¬ 
mum value of M - 1.5. 

given system and frequency is always the same and the ratio 
of its sides and their relative angles is likewise the same. 

High M Values. In c of Fig. 17.9 the F vector almost reaches 
the —1 point from which the D vector is drawn, so that the F/D 
ratio or M value is quite high. Such a system would have a bad 
overshoot. Quite likely slight disturbances would throw it into 
poorly damped oscillations, and while it would settle down eventu¬ 
ally, it would be a generally undesirable system to operate. 

Sustained Oscillations, or Hunting. As Fig. 17.11 indicates, 
the limiting case occurs when the F vector falls exactly along 
the e vector and the D vector becomes zero, making F/D or M 
equal to infinity. This means, in effect, that no independent 
variable signal is needed to keep the sine wave traversing the 



REGULATING OR CLOSED-^CYCLE CONTROL SYSTEMS 219 

loop, which is thus capable of a self-sustained oscillation, or 
hunting. 

Unstable Systems. Experience has shown that a system is 
unstable and hunting will occur not only if the Nyquist plot falls 
exactly on the —1 point but also if it crosses the negative axis 
beyond the —1 point and continues on to ^^surround^^ it. The 
mathematical proof for this statement is somewhat involved, and 
so we will say only that in practice this is about what happens: 
Assume D to be zero. A transient signal is applied to the system 
containing the frequency at which the F vector lies along the e 
vector reversed. Then, each time the signal traverses the loop, 
it is strengthened by the ratio F/e. After 
a few cycles, saturation of some part of 
the system is reached and the amplifi¬ 
cation fx^\s reduced to unity. The oscil¬ 
lation continues then at that frequency 
and amplitude. The forcing action as the 
oscillation is building up usually tends to 
increase the frequency, and the final fre¬ 
quency at saturation may not be the 
original frequency at 180-deg lag. Also, saturation changes 
some of the system constants so that the constants for which 
the Nyquist plot was drawn are no longer accurate. 

Typical Nyquist plots for 
unstable systems are seen in 
Fig. 17.12. 

Conditionally Stable Sys¬ 
tems. These are systems in 
which the Nyquist plot crosses 
the negative real axis and then 
doubles back and recrosses it 
again at higher frequency so 
that it does not “surround'' Fig. 17.12. Plots for unstable systems, 
the —1 point. Fig. 17.13a 

shows a plot of this nature. Such a system is stable, for, as the 
forcing action increases the frequency, the F vector swings down 
clear of the — 1 point so that sustained oscillations cannot occur. 



|j 



-j 

Fi(i. 17.11. Th(‘ Ny¬ 
quist Iriansle for F /e = 
-1 and D — 0. 
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These systems are called conditionally stable because, if for any 
reason the loop gain should decrease sufficiently for the area 
beyond the negative axis to include the —1 point, as shown in 
Fig. 17.136, the system will be unstable. 

Unless such a system is very carefully engineered, it will have 
a high M value and give poor performance. Reference to Fig. 
17.10 shows that the constant M circles each extend much further 

beyond the —1 point on the 
negative side, and so the Ny- 
quist plot must swing well 
down below the negative axis 
in order to clear the required 
M circle. 

Summary. In the Nyquist 
approach we open the regu¬ 
lating-system loop, apply a 
constant-amplitude, variable- 
frequency sine-wave input e, 
and plot the length and relative 
phase angle of the feedback 
vector F. Since the independ¬ 
ent variable D is the vectorial sum of e and F, we may form this 
vector triangle for any frequency and thus determine D, The 
maximum value of the ratio of F/D, called Mmaxy is impor¬ 
tant since it occurs at approximately the natural frequency of 
the system and is an indication of the peak overshoot for transient 
response. M values of 1.3 to 1.5 usually indicate acceptable 
systems. 



Fig. 17.13. (a) A conditionally stable 

system and (6) how it may become 
unstable if the amplification (vector 
length) decreases. 


Questions 

1 . What is the difference between an open-cycle and a closed-cycle control 
system? Describe one of each kind. 

2. Explain the Nyquist approach to the study of a closed-cycle system. 

3. What values must be known to make a Nyquist plot for system stability? 

4 . What is the criterion for system stability in a simple Nyquist plot? / 

5. What does a Nyquist triangle represent? 

6 . What is a “conditionally stable’* system? 



CHAPTER XVIII 


BODE DIAGRAMS AND THEIR USE IN 
SYSTEM STABILIZATION 

Thus far we have studied means to determine if a system is 
stable, and, just as important, we have learned something about 
the response of the controlled variable to changes in the inde¬ 
pendent variable. In order to present the over-all picture better, 
the details as to how the loop gain and the F vectors were deter¬ 
mined have been omitted. Now we will proceed to take this up 
and to see how the system might be changed to reshape a Nyquist 
plot more nearly to that which we would like. To aid in this 
work, we will introduce a new tool which simplifies our calcula¬ 
tions greatly. This is based on the work of Dr. H. W. Bode, an 
associate of Dr. Nyquist in the Bell Laboratories. 

The Bode Diagrams. The Bode method may be considered a 
form of shorthand for the Nyquist approach. It is a method 
for finding the length and phase angle of the F/e vector. Here, 
a division of the work is made in that the length of the vector is 
plotted against frequency for one curve and the phase angle is 
plotted against the frequency for a second curve. We shall see 
that this has a number of advantages. 

The most usual Bode method has certain limitations. It can deal 
only with systems which have lumped parameters and have con¬ 
stant coefficients, are linear, and are minimum-phase-shift networks. 
The first three requirements are self-explanatory, but perhaps a 
minimum-phase-shift network should be explained more fully. 
Another requirement is that the vector length shall not become 
greater than unity with increasing frequency, once it has become 
less than unity. 
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Minimum-phase-shift Networks. For any control or feedback 
element in which energy storage takes place, the output must 
decrease as the frequency increases. Also, as the frequency in¬ 
creases, the output vector lags more and more. However, in a 
minimum-phase-shift network this lag is least for a given decrease 
in output vector length. Most of our usual system elements, such 
as electronic amplifiers, variable voltage drives, hydraulic drives, 
motors with inertia loads, etc., are ininimum-phase-shift networks. 
Excluded from this class arc transportation lags, certain resonant 
and filter networks, and thermal systems and transmission lin(\s 
having distributed constants. 



0.1 051 5 10 50 100 


Frequency in 1 ^ ns/Sec. 

Fig. 18 . 1 . The Bcxle attenuation diagram graduations. 

The Bode Attenuation Diagram. The word ^^attenuate’^ is 
taken from telephone practice and means ^‘to diminish.’' Hence 
the curve on the attenuation diagram is a plot of the decrease 
(or increase) in vector length with increasing frequency. In order 
to cover the widest range in both length and frequency, both the 
horizontal and vertical scales are logarithmic. The horizontal 
scale for frequency is usually obtained by logarithmic spacing. 
The unit may be cycles per second but is more often radians per 
second, expressed as w (omega), where (o = 27r/. For the vertical 
scale of vector length, the spacing is constant but represents the 
logarithm of the vector-length ratio. Since we assume e to be 
unity, this value becomes the F vector length. The unit is 
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decibels, expressed as db, a term again taken from telephone 
practice and which simply means 20 X the logarithm to the 
base 10, 20 logio. For example, an F/e length of 10 is 20 db, 
100 is 40 db, 1 is 0 db, and 1/10 is —20 db. The Bode diagram 
using this type of spacing is shown in Fig. 18.1. 

The Attenuation Curve of a Single System Element. We will 
take the simple RC clement of Fig. 18.2a with the Nyquist plot 



of h and draw its attenuation curve of Co/ei. The Nyquist 
diagram for this simple circuit is the same as the vector semi¬ 
circle of Fig. 15.3, page 175. In complex notation the equation 
for this circuit is 

1 

fo/fi - 1 

Before plotting this curve let us observe both the circuit and the 
equation and draw a few conclusions. For very low frequencies 
(low values of w) the capacitor charging has little effect on the 
output voltage, so eo/ci is almost unity or 0 db. For (o = 3^ the 
capacitor and resistor voltages are equal, so the vector has a 
length of 0.707 or approximately —3 db. For high values of o) 
the resistor impedance is predominant, limiting the current to an 
almost constant value, so that the output voltage across the 
capacitor varies almost directly inversely with the frequency. 
With these key facts in mind, the attenuation curve can be 
plotted as in Fig. 18.3. 
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Note that this curve could be approximated quite well by the 
two straight broken lines, one a horizontal line along 0 db to 
= the second a line intersecting the first at and 

sloping so that the vector length varies inversely with the fre¬ 
quency. The slope of this line may be expressed as —1//, —20 
db per decade, — 6 db per octave, or simply as a minus one (—1) 
slope, since it is due to the lag of a single element. The value 
of 0 ) at which the break, or comer, of the lines comes is that 
where j<>>RC=j, or where « RC = 1, so that (i) = l/flC. Earlier 
we learned that for this circuit RC was the “time constant” 



Fr*^ueney in per Secon«< 

Fig. 18.3. Bode attenuation plots for RC series network of Fij?. 18.2. 

(page 157), so that we can now see that this corner frequency in 
radians is the inverse of the time constant. This will be found 
true for other simple elements also. 

Construction of attenuation curves for system elements may 
be summed up briefly as follows: (1) Express the element ^Transfer 
function^’ (co/^i) in complex form with the constants divided out 
so that the vector term has the form Ki{l + j(i)X 2 ). (2) The 

corner frequency in radians is 1/K 2 . (3) If the vector term is 

in the numerator at the corner frequency, the curve will turn 
upward by a unit slope; if in the denominator, the curve will 
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break downward. (4) The vertical fix may be obtained by letting 
(i) approach 0 or oo, whichever is more convenient. (5) The exact 
curve is approximately 3 db inside the corner, 1 db inside an 
octave (1/2 or 2 X frequency) away from the comer, etc. 

The Bode Phase-shift Curve. Referring again to the sample RC 
circuit of Fig. 18.2, it is seen that for every value of w there is 
also a definite value of the phase-lag angle, between ei and eo. 
This may be plotted on a linear vertical scale against frequency as 
in Fig. 18.4. The angle at the corner frequency, (0=3^, is 45 



deg and varies symmetrically above and below this frequency 
when a logarithmic frequency scale is used. It is important 
to note that in a minimum phase-shift network such as this, the 
vector length and the phase angle, having been both derived from 
the same semicircle Nyquist plot of Fig. 18.26, have a very 
definite relation throughout and are both fixed on the frequency 
scale by the corner frequency. 

The Transfer Function of Elements in Series. The transfer 
function of the whole system loop, F/e, is the result of the action 
of a number of elements. For example, in Fig. 18.5 we have a 
speed-regulating system consisting of a glow-tube voltage refer¬ 
ence D and an electronic amplifier energizing an exciter field, which 
in turn supplies power to the field of the generator of a variable 
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voltage d-c drive. The motor drives a high inertia load. A d-c 
generator tachometer on the motor shaft feeds back a voltage 
proportional to speed. This is compared with the reference volt¬ 
age to provide an error signal. 

This system by itself would be unstable because of the phase 
lags occurring in the inductance of the two fields and the load 
inertia; so it is stabilized by a lead network shown ahead of the 
amplifier. (Networks for stabilization will be discussed later.) 



Z ^5 0.2k200kIx 2 x8A0/e5(‘d0) dt/OScu) 

(? “ e * (1 

Fig. 18.5. A system for obtaining a closely regulated motor spc'ed. Transfer 
functions of elements and the over-all system are given. 

The transfer function for each section is given and finally the 
whole transfer function Ffe. For simplicity we have neglected 
some of the time constants, such as those in the amplifier and 
armature loop, and any back loading of succeeding elements. 
However, back loading on amplifier grids and machine fields is 
very slight. 

The Multiplication of Vectors. Since each succeeding element 
acts on the output vector of the preceding element, increasing or 
decreasing its length and adding to its lagging or leading effect, 
we obtain the final vector as follows: (1) Multiply the length in 
turn by the amplification or attenuation of each element. (2) 
Add the angles, calling lagging positive and leading negative, 
contributed by all the elements. 
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On the Bode diagram multiplication of vectors becomes a 
matter of adding logarithms graphically. The angles may also 



Fig. 18.6. How the combined Bode plots are made from those of the indi¬ 
vidual elements of Fig. 18.5. Element plots are shown as broken lines. Cor¬ 
ner frequencies at O) = 0.2, 0.5, 2, and two corner frequencies superimposed 
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be added graphically. In Fig. 18.6 we see how this is done for 
the transfer function of Fig. 18.5. The composite curve for the 
length of F/e starts at 38 db (which represents 80 times), the sys¬ 
tem amplification at a frequency so low that no lags are appreci¬ 
able. As each corner frequency is reached, the curve breaks up 
or down, depending on whether the term is in the numerator or 
denominator. 

The phase-angle curve is constructed as easily, by adding all 
lag angles for each frequency and subtracting the lead angle effect. 
It is interesting to note that at frequencies well above the corner 
frequency, the lag or lead angle due to that corner becomes almost 
90 deg, so it can be assumed that for this transfer function at 
high frequencies the lead numerator term will cancel one of the 
denominator terms and the ultimate slope will be —3 (60 db per 
decade) and the ultimate phase lag 3X90 deg or 270 deg. 

After some practice the relation between slope and lag angle 
becomes even more evident. For instance, if the slope continues 
as —2 for an extended distance, the angle approaches 180 deg; 
if the slope then breaks to a —1 slope, the angle drops toward 
90 deg, only to rise again if the slope becomes steeper once 
more. 

Stability Criteria. On the Nyquist plot a system was stable if 
the curve lay inside of the —1 point as it crossed the negative 
axis. On the Bode diagram we say the same thing by stating 
that when the curve crosses the 0 db line (unit gain) the phase 
angle shall not have lagged 180 deg. In the example given the 
curve crosses 0 db with a phase lag of 145 deg, and the system 
is stable. If the lead network had not been added, it definitely 
would not have been stable. This may be checked by leaving 
out the attenuation and angle curve for the lead network and 
redrawing the composite curve. The ease with which system 
elements may be added, removed, and modified on the Bode 
curves illustrates their usefulness in system design. 

Type 1 and Type 2 Systems in Bode Diagrams. Type 1 and 2 
systems, in which the F vector for very low frequencies on the 
Nyquist plot has almost 90- and 180-deg lag angles respectively, 
are as easy to draw on the Bode diagram as Type 0 systems. 
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Type 1 systems are drawn as if there were a corner at 0 fre¬ 
quency. This means that the attenuation starts with the —1 
slope (hence called Type 1) and angle curve starts with a 90-deg 
lag angle. To establish the vertical position of the attenuation 
curve, a single point is plotted, usually at cj = 1, and neglecting 
all system lags. (They are added later in the usual manner.) A 
study of the transfer function indicates that when lags are neglected 
and ( 1 ) = 1, the whole function becomes simply the constant K 
at this frequency. 

Having established the position of the initial curve, the system 
lags are added to it at each corner frequency above and below 
o> = 1 exactly as before (see Fig. 18.7). 

For Type 2 systems the pro¬ 
cedure is the same for establishing 
a point at (0 = 1, but this time 
the initial curve has a —2 slope 
(hence Type 2) and 180 deg are 
added to all system lag angles. 

Solution of the Nyquist Tri¬ 
angle. As stated before, the Bode 
curves are only another easier 
means for determining the length 
and phase angle of the F/e vector. 

Having found these, there is still 
the Nyquist triangle to construct 
and the F/D or M to determine. This could be done by trans¬ 
ferring the Bode information into Nyquist form, but to save 
time and effort, a chart has been made up which gives this 
information directly from the decibel value and phase angles 
(Fig. 18.8). Sometimes the phase angle is expressed as '^phase 
margin,'^ which is 180 deg minus the lag angle. For best accuracy 
one should use the exact decibel values, found by correcting the 
curve 3 db inside each break as discussed earlier. As in the 
Nyquist plot, the maximum M value is usually found at vector 
lengths slightly greater than 1 or just above 0 db, so this area 
should be explored carefully for the maximum M value. 

Stabilization by Series Networks. Experienced designers have 



Fic. 18.7. Bode attenuation plot 
for a Type 1 system. 
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found that if the Bode curve is made to cross the 0 db line at 
— 1 slope and this slope continues for about 2 octaves each side 



Fig. 18.8. Alignment chart for finding M or F/D, Place a straightedge to 
cut length of F and the lag angle. Read M. 


of the crossing frequency to 4 times the crossing fregency), 
the Mmax value will lie in the desirable range near 1.3, Often, so 
long a unit slope is not practical, but good judgment in the 
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appraisal of cost against performance is the mark of a good 
engineer. 

There are two means for stabilizing regulating systems; many 
systems use both. The first is the series network, a sample of 




U/r 


Tz Rt kiRzC 


Fig. 18 . 9 . RC lead network and Bode attenuation plot. 


which has been given. It is usually easiest to construct and 
apply but has a limited range. The second is the frequency- 
sensitive feedback. 



0 / 4 *-!- 

(RitR2)C 


Fig. 18.10. RG lag network and Bode attenuation plot. 

The Series Lead Network, This simple RC network is shown 
in Fig. 18.9. As its Bode curve indicates, there is a loss of gain 
at low frequencies which must be made up by additional amplifi¬ 
cation within the system. With electronic amplifiers this addi¬ 
tional gain is usually easily obtainable. It is used, as in the 
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(a) 


example above, to cancel a lag slope in the 0 db region. Double 
networks are sometimes used to cancel two lag slopes, but their 
great sensitivity in the high-frequency range may accentuate 

parasite signals such as tachometer 
ripple and thus may not prove de¬ 
sirable for some systems. The lead 
network is sometimes called the 
^^differentiating network. 

The Series Lag Network. This 
network, seen in Fig. 18.10, has a 
Bode curve about the opposite of 
the lead network. Its purpose is 
to attenuate the system gain more 
rapidly at lower frequencies so that 
0 db will be reached before more 
than one system lag has become 
effective. Its effect is illustrated 
in Fig. 18.11. It will be noted that 
stability is obtained at a cost of 
speed of response, as represented 
by the shaded area. Other lag networks are sometimes not so 
obvious. In Fig. 18.12a a capacitor between the grid and anode 
of a triode permits full amplification at low frequenci(\s l)ut at 
high frequencies cancels the gain almost completely. A resistor 



(b) 


(c) 

Fig. 18.11. Application of lag 
network of Fig. 18.10. 



Fig. 18.12. Forms of lag networks used with electronic circuits. 


in series with the capacitor in Fig. 18.126 permits some gain 
at high frequencies as a degenerated amplifier as described on 
page 192, Fig. 16.2. In Fig. 18.12c a capacitor between anode 
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and screen grid permits amplification as a pentode for low fre¬ 
quencies but only as a triode for high frequencies. 

The lag network is sometimes called the ^integrating network/' 



The Notch Network. This network, so called from its Bode 


curve in Fig. 18.13, is also known as 
the ‘iag-lead^' and ^integral-differ¬ 
ential” network. It is seen to be a 
combination of a lag and a lead net¬ 
work, and because of the flexibility 
of its four time constants, it is very 
useful. Since it causes a loss of fre¬ 
quency response over only a narrow 
range, it can achieve stability with a 
minimum of response loss. This is 
indicated by the shaded area of 
Fig. 18.14. 

Other Networks. There is a wide 
variety of networks which may be 
used for special cases. The reader 
is directed to the references at the 
end of the section for further infor¬ 
mation. However, unless the system 



FiCf. 18.14. Application of 
the notch network. 


constants are fairly accurately known, complicated networks may 


not work out nearly so well in practice as a theoretical design 


might indicate. 
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Stabilization by Frequency-sensitive Feedback. When deriv¬ 
ing the fundamental relations in a closed-cycle regulating system, 
it was found that when the loop gain was very large the 
relation between the output or controlled variable and the input 
or independent variable became very nearly 1/^. So long as ^ 
remains constant, the output follows the change in input very 
closely—the objective of most regulating systems. 

However, there are times 
when we wish to have the 
relation between output and 
input vary with a change in 
frequency in order to assist 
in obtaining system stability. 
Sometimes this is done by 
making the principal ^ circuit 
frequency-sensitive at higher 
frequencies, although it remains essentially constant at the normal 
working frequencies. More often, though, only a part of the 
whole amplifier or m circuit is by-passed by a frequency-sensitive 
P circuit to form an internal loop as in Fig. 18.15. In this man¬ 
ner the transfer function across 
the internal loop may be modified 
to eliminate a critical or variable 
time constant within it, such as 
the inertia of a roll of material 
that will change during a run, 
a motor with a variable field 
strength, etc. A second reason 
might be to set up a transfer 
function in a low-power control 
element to compensate and can¬ 
cel an inverse transfer function 
appearing in an element using 
higher power. The stability obtained by the use of frequency- 
sensitive feedback is always had at a loss of frequency response. 

Feedback Stabilization to Eliminate a Time Constant. Suppose 
that the Bode diagram of a transfer function of some of the ele¬ 
ments in a ii circuit looks like Fig. 18.16. Since one of the time 



Fig. 18.16. System with a variable 
time constant. 



Fio. 18.15. Block diagram of internal- 
loop feedback. 
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constants, 72, may vary over 
by series networks might not 
sensitive feedback is indicated, 
tachometer with a series lead 
network as shown, with Bode 
diagram, in Fig. 18.17. 

The over-all response of 
these elements, including the 
feedback loop, may now be set 
up as follows: Where less 
than 1, we will assume the 
feedback to be ineffective and 
the over-all curve to be the 
initial jLi curve (a) of Fig. 18.18. 
Where greater than 1, 

we assume the curve to be 1/^ 
(the mirror image about 0 db 
of Fig. 18.17), as drawn in (b) 
of Fig. 18.18. Next we draw 

which is or expressed 

in db, as the area between the 
curves ^ and 1/^, as shown at 
(c). This gives us the fre¬ 
quencies for transition between 
the fx curve, 1/^, and back to 
the fx curve. The final over-all 
curve now looks like (d). 

Remember that this is only 
an approximation which be¬ 
comes more accurate as fx^ 
becomes much greater or much 
less than 1. Therefore, to 
assure ourselves that no un¬ 
usual curve changes occur 
because of resonance or similar 
effects at frequencies near 


he range indicated, stabilization 
>e satisfactory and a frequency- 
This consists of a d-c generator 



FiCf. 18.17. Bode curve for tachometer 
generator with lead network. 



Fig. 1 8 . 1 8 . Stabilization of system by 
means of tachometer feedback. 


where it is best to check at least one point, usually the 


upper transition frequency, hy direct vectorial methods to note 
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the general behavior in this region. If this plotted point lies 
much above the approximate curve, other points nearby should 
be taken to assure that the curve does not rise above the 0-db 
line to cause oscillation or hunting. 

Another consideration is that the additional feedback makes 
this element a small regulating system within itself, having a loop 
gain as shown in Fig. 18.18c, and hence must be stable within 
itself. In this case the —1 slope at 0 db indicates that there is 
ample stability. 

A glance at the solid and broken lines indicating the shift of 
time constant, 7^2, shows that in this form of stabilization the shift 



1 UjT2a> 

B2 K3 


e Ks ltjT2c<; K3 

Fig. 18.19. Block diagram showing a lag-eomprnsalion feedback. 


in corner frequency has little effect on stability, since in this 
frequency range it is the 1/p and not the /x curve which governs 
the transfer function. 

Feedback to Compensate for a Subsequent Lag. The use of 

feedback to compensate for a lag in a later power element is best 
shown by the block diagram of Fig. 18.19. Here the feedback 
around the first element, perhaps an electronic amplifier with no 
appreciable time lags, contains a delay vector closely matched to 
that of the second power element. So over the effective range 
e^/ei becomes 1/^, or (1 +jT 2 0 i)//f 3 , and the over-all transfer 
function becomes 


e\ 


1 +^^ 20 ) ^ K 2 

K, 


K 2 


1 +ir2c») Kz 
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This indicates that the lag of the power element is effectively 
canceled out by applying the proper compensating signal to the 
input of the element. Note that Ki does not appear. Its loss 
is the price paid for this form of stabilization. 

Solution of Multiple Feedback Loops. Some systems, such as 
that shown in Fig. 18.20, have multiple or interlocking feedback 
loops, and their transfer function becomes quite complex. Each 
network requires its own attack and solution, although a few 
general suggestions may speed the work. Often the inverse func¬ 
tion, e/Fy will be found to be simpler in form than the forward 
relation, F/e. The number of terms in the inverse function will 
be the number of possible 

paths between output and in- -n-^ A M 2 - 

put. For inverse functions the --J 

^ elements will appear in the 

numerator and the n elements ^ ' 

in the denominator. However, L-LT 

watch out for internal loops „ . 

, . , - 1 . . 1 n • ^ 18.20. A complex system having 

which are found in the & cir- nmltiple feedback paths. 

cuit. It is usually best to solve 

these separately and then carry the solution as a ^ term. 

Intermittent Action and Neutral Zones. Two ^'brute-force^' 
means much used in mechanical regulators and successful also in 
electronic regulators where only slow speed of response is required 
are the intermittent-action and neutral-zone types. These are re¬ 
quired when the signal is intermittent and are necessarily slow in 
their action. The intermittent-signal action permits no sustained 
oscillation for the obvious reason that the input circuit is dis¬ 
connected or rendered inoperative before the signal has had time 
to progress completely through the system. 

In the other type a zone of no correction, or neutral zone, is 
provided as a range of tolerance surrounding the correct value 
in which the input signal is heavily damped or killed entirely. 
This satisfies the condition of less than unity amplification at all 
frequencies, provided that amplification is not great enough to 
permit oscillation surges to bridge completely across the neutral 
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Stabilizing Transformers. A theoretically excellent method of 
phase advance utilizes a transformer to feed back a signal in the 
correct phase by proper loading of the secondary. This has the 
great advantage of taking a signal of comparatively high power 
from a point near the circuit output and stepping up its potential 

by transformer action, and then in¬ 
serting it where desired near the in¬ 
put without regard to the potential 
difference of the two locations (Fig. 
18.21). However, transformers capa¬ 
ble of handling the low frequencies are 
bulky and expensive, and the second¬ 
ary loading to obtain both the proper 
voltage and phase is not too easy. 

In Conclusion. The use of closed-cycle regulating systems is 
expanding rapidly. Since electronic amplifier elements play such 
an important part, a basic knowledge of regulating systems is 
necessary to the industrial electronic worker. It is hoped that 
these chapters have given some insight into the system funda¬ 
mentals. If the reader’s w^ork requires considerable familiarity 
with the regulating systems and their stabilization, it is suggested 
that a close study be made of the reference material given and 
the many excellent texts which are appearing in this vital and 
very active field. 

Questions 

1 . What are the abscissa and ordinate quantities in a Bode attenuation 
diagram? 

2. Translate these ratios into decibels: (a) 80, (6) 1500, (c) 1, (d) 0.005. 

3. What ratios are represented by the following decibel values: (a) 0 db, 
(6) 45 db, (c) 6 db, (d) -30 db? 

4 . What is meant by the “corner” frequency in a Bode diagram? What 
is the phase shift due to a given element at its corner frequency? 

5. What is the effect of (a) lead network, (6) lag network, (c) notch network? 

6. Sketch a typical Bode attenuation curve for a Type I system. 

7. Sketch a typical Bode attenuation curve which you know to be stabU*. 
Why is it stable? 

8. On what principle is based stabilization by the use of a frequency- 
sensitive feedback network? 

9. Plot the attenuation diagram and phase-shift diagram for Fig. 18.5 
without the initial lead network. What indicates that the system is unstable? 



Fig. 18.21 Stabilizing trans¬ 
former in circuit of Fig. 17.2. 
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CHAPTER XIX 


ELEMENTARY DIAGRAMS 

An understanding of the fundamental tube actions and the 
operation of basic circuits is necessary for a knowledge of indus¬ 
trial electron circuits. The basic circuits that have just been 
studied do . not by any means exhaust the possibilities. The 
variety of circuits is endless. But there is a good chance that, 
when analyzed, a large part of any industrial electron circuit will 
be found to consist of a combination of the basic circuits or of 
variations of them. 

Unless a circuit is very simple, it is difficult to study it as it 
is found in the wiring on the control panel or chassis. The first 
step usually consists in revising the circuit diagram to the ele¬ 
mentary form. Further to simplify matters the tube-heater cir¬ 
cuits are omitted (unless a tube is operated emission limited and 
the heater or filament circuit is part of the control circuit). 

Start with a sheet of paper about twice the size you think you 
will need. Crowding a drawing encourages errors. Some engineers 
prefer to draw an elementary diagram so that the sequence may 
be followed in a vertical direction. In such cases the most nega¬ 
tive potentials are placed at the right of the drawing, and the 
potentials rise progressively to the most positive potentials at the 
extreme left. If a component, such as a resistor, can reverse its 
potential or normally carries no current (for example, a grid 
protective resistor), draw it parallel to the power busses. In this 
arrangement the tube symbols should be drawn sideways, with 
the anode to the left of the cathode. Here the power or output 
circuit is drawn at the top and the input control circuit is at 
the bottom. 
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Others prefer to follow the control sequence horizontally from 
left to right, the potentials increasing from negative at the bot¬ 
tom of the drawing to positive at the top. This permits the tubes 
to be shown in an upright position. Use whichever system seems 
more natural to you. An engineer used to the other system need 
only turn your diagram at right angles to view it in the manner 
to which he is accustomed.* 

Layout. If each lead is numbered to agree with that on the 
panel diagram, it will assist materially in cross reference between 
diagram and elementary. Start at the top or right-hand side by 
showing the incoming power leads, the switches, and circuit pro¬ 
tection such as fuses and cathode-heating timer. If magnetic- 
control devices such as push-button control, reversing contactors, 
or interlocking relays are employed, draw them in here or, if 
they are extensive, use a separate drawing for them. 

Next come the cathode-heater-circuit transformer primaries (if 
desired) and the anode transformer primaries. If the circuit is 
to be operated by d-c obtained from a rectifier, the rectifier circuit 
is next added, with the positive and negative busses extended 
out to enclose the control circuits. Transformer primaries may 
be marked P (as TIP) and the secondaries S (as TlS). Polarity 
marks, or start, finish marks (S, F), may be used. 

If the circuit operates from the a-c source without rectification, 
there is, of course, no positive or negative bus; but it is logical 
to place at the bottom or right-hand side that line or transformer 
lead which is negative when the principal power tube is conduct¬ 
ing (that is, the lead connected to the cathode of the principal 
power tube), or the line side containing the most tube cathodes, 
or the grounded side. A tube that conducts on the negative half 
cycle may be drawn upside-down to indicate this. 

Circuit Sequence. The sequence of circuits should be drawn 
in an orderly manner, beginning at the bottom or left with the 
input signal (phototube, tachometer, etc.) and adding each circuit 
in turn as the control signal is amplified or converted. Plenty 
of room between circuits and between components should be 
allowed. It is easy to misjudge the space required for the logical 
spacing of circuit elements. 
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If the circuit is at all extensive, a second or even a third redraw¬ 
ing is necessary to make a reasonably clear elementary diagram 
for study. Manufacturers of electronic equipment are fast learning 
the desirability of a clear elementary diagram for most efficient 
servicing and maintenance and are including them in instruction 
books to a much greater extent than heretofore. However, even 
these drawings may often be made clearer by redrawing. If a 
clear, well-drawn elementary diagram is available, the job of 
understanding the circuit is half completed. 

Component Values. The next step is the labeling of the com¬ 
ponents with their correct values. Resistances are expressed in 
ohms or megohms. (1000 ohms is often shown as K; for example, 
5000 ohms is 5Tv.) Capacities are given in microfarads or micro- 
microfarads (jLif or mmO, inductances in henrys or millihenrys. 
'rhe voltages of transformer secondary windings and rectifier 
outputs should be indicated if the values are available. Finally, 
the tube types should be shown. Some prefer to designate the 
parts as /fl. Cl, or l/f, 1C, etc., and add a table of values. How¬ 
ever, if space permits, a clearer understanding of the circuit 
function can be obtained by marking the component values 
directly on the circuit as near as possible to the component. 

It might be said here that, although all the above information 
is desirable, it is seldom all available. The operation of most 
circuits can be determined even though many details are missing. 

Care should be taken that thyratrons, ignitrons, and phano- 
trons are properly marked with a dot, indicating a gas-filled tube. 

Signal Tracing. We are now ready to break down the circuit 
into its basic elements and to follow its operation from beginning 
to end. If an instruction book or a description of operation is 
available, it should by all means be .studied and used to assist in 
tracing through the circuit. If no description of operation is 
available, we usually have some idea of w^hat the input signal will 
be and the results that we wish to obtain at the output. 

The circuit tracing may start at either end. Usually it is best 
to start at the input and follow through. If the going becomes 
too difficult, stop at the last point at which the operation is clear 
and start at the output to work backward. Soon the unknown 
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part of the circuit may be narrowed down until application of 
the principle of cause and effect will make the solution possible. 

A handy way to trace potential increases or decreases is to 
draw small arrow’s near a tube element to indicate its potential 
change when the control grid varies as required. Start with the 
first control element, and indicate its variation in the expected 
direction. If it may vary in either direction, assume that it 
becomes more positive (arrow points up). If the basic circuit 
uses a-c power, assume, as a starting point, that the cathode of 
the first tube is negative. 

It may be necessary to draw vectors to determine the thyratron- 
grid phase shift, but normally the phase-shift circuit will follow 
one of the basic forms described previously (Chap. XV) closely 
enough to be immediately evident. As a final resort, a point-to- 
point curve of the voltages and currents through a complete a-c 
cycle or operation may be attempted. 

Magnetic-contactor Circuits. If magnetic-contactor elementary 
circuits are to be drawn, they wdll follow the general pattern 
used in the electronic diagrams. However, since the controlled, 
or contact, circuit on the contactor may be insulated from the 
operating coil, unlike the electron tube where the grid-cathode 
and anode-cathode circuits are common, somewhat more freedom 
is permitted in the placing of the different parts of a single con¬ 
tactor at widely separated points in the circuit to allow the individ¬ 
ual circuits to be drawn as directly and as simply as possible. 
Of course, the parts must be appropriately labeled with a common 
symbol to indicate their relation. 

It is considered the best practice to connect all coils to the 
ground, or negative, line insofar as is practical and to do all 
switching in the positive, or hot, side of the line. In this way 
“sneak” circuits and false operations are best avoided. 

“Wireless” Diagrams. A practice which is becoming increas¬ 
ingly popular in drawing wiring diagrams is to leave out the 
actual lines representing wires but, instead, to indicate at each 
termination whence the wire came. Each device has a designa¬ 
tion as usual, and each terminal has a number. For example, if 
a wire goes from the No. 7 terminal on the socket for tube 2V 
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to terminal No. 2 of the filament transformer secondary SSTy the 
designation at the filament terminal is written 7~SST-2 and at 
the transformer 2-2V-7, or in some similar fashion. 

The “wireless^^ diagram does have a neater appearance without 
the criss-crossing of A\ire lines on the sheet, particularly if there 
are many devices on the panel. It is claimed that, once familiar¬ 
ity has been gained, the time of both draftsman and wireman is 
saved. On the other hand, it becomes very important that the 
greatly increased amount of lettering be done very carefully and 
clearly since misreading a reduced-size print under poor lighting 
conditions can easily lead to serious error. 

Cabled Wiring. Another factory practice which produces a 
neat-appearing panel (see Fig. 20.15) is that of running the wiring 
in laced cables. In quantity production, cabling is also less 
expensive since the operator makes up the wiring beforehand on 
a pegboard as a ^^harness^^ which is then transferred to the panel 
and connected up as a unit. 

However, cabling makes it almost impossible for a serviceman 
to trace connections when trouble shooting, so a wiring diagram 
of the panel is almost essential for intelligent servicing of a cabled 
panel. 

Also, because of the relatively high capacity between wires of 
widely different potentials in a cable, it is not wise to cable wires 
in high-impedance circuits, particularly if the panel wiring in¬ 
cludes a high-gain amplifier. A practical suggestion is not to 
cable any wire having an impedance of more than one-half megohm 
to ground. At times even lower values may cause circuit insta¬ 
bility and erratic circuit performance. 

Questions 

1. State four features of a good elementary diagram. 

2. Why are both elementary and panel-wiring diagrams needed? 

3. Give an advantage and a disadvantage of the “wireless” diagram. 

4 . Name a disadvantage of cabled wiring. 
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DIRECT-C^RRENT PHOTOELECTRIC CIRCUITS AND 
MOTOR CONTROL 

DIRECT-CURRENT PHOTOELECTRIC CIRCUITS 

Commercial Electronic Control Circuits. In presenting the 
following electronic control circuits, which are taken from stand¬ 
ard commercial devices, an attempt has been made to select a 
representative cross section of industrial electronic practice today. 
Most of the circuits are patented and are shown here with the 
manufacturer\s permission. Because of the rapid advances in 
electronics, these circuits do not necessarily represent the latest 
or best of a particular manufacturer's products. Some circuits 
cannot be shown because of military restrictions. However, it is 
felt that through study of these typical circuits a more confident 
approach and a more rapid understanding of any industrial elec¬ 
tronic circuit will result. 

The GE CR7506K108 Photoelectric Circuit. This is a com¬ 
mercial photoelectric relay unit that is simple enough to illustrate 
well the first principles in circuit analysis. Figure 20.3 shows 
the actual panel wiring. Figure 20.4 shows the elementary dia¬ 
gram. Since the elementary diagram has been drawn according 
to the suggestions outlined above, the circuit is almost self-evident. 
Starting at the top there is a half-wave rectifier, with a small 
protective resistor in the anode lead and a resistive tt filter to 
supply d-c for the unit. Below this is the voltage divider to fur¬ 
nish the proper cathode and screen potentials for the pentode 
tube used as an amplifier. The lower end of the divider is a 
rheostat to provide a variable grid bias. In series with the pen¬ 
tode anode is the contactor coil C R. The contactor contacts (single 
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pole, double throw) are shown 
outside the electron circuit. The 
phototube and its series resistor 
R1 are at the bottom of the 
diagram. 

Circuit Refinements. Circuit 
refinements are as follows: The 
phototube protective resistor R2 
protects the phototube against 
overcurrent drawn via the am¬ 
plifier cathode-grid circuit in the 



FiCtS. 20.1. and 20.2.—( U’lU'ral Electric photoelectric relay CR7505K108. 
The phototube is behind the light mask at the center. The shaftfor bias adjust¬ 
ment is below the name plate. (Courtesy of General Electnc Company) 


case of an extreme amount of light on the phototube. A capaci¬ 
tor Cl protects against very short transient light or electrical 
surges that might cause false operation or chattering of the con¬ 
tactor. Capacitor C4 permits more reliable operation on un¬ 
grounded lines. Since the relay is operated directly from the 
117-volt line, it is not possible to ground the circuit directly to 
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the case, although this is desirable in any photoelectric or other 
high-impedance circuit to prevent false operation due to the 
capacity effects of changing potential between the case and cir¬ 
cuit components. 


DEVELOPED BOHOM VIEW 



connections 


Fig. 20.3. Panel wiring diagram for GK CH7505K108 photoelectric relay 


Operation. In operation, with no light on the phototube, there 
will be no current and thus no potential across i?l. Hence, the 
grid of the amplifier tube will be at the negative bus potential. 
R3 is adjusted to produce a cathode bias such that insufficient 
current for operation will flow through the contactor coil. When 
light shines on the phototube, the electron flow through it and 
R1 will raise the potential of the amplifier grid, permitting sufficient 
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current to flow to operate the contactor. The setting of R3 and 
the cathode bias determines the phototube current and the volt¬ 
age drop across R1 necessary to raise the amplifier grid potential 
sufficiently to cause contactor operation. 

The type 117P7 (or 117N7) tube used contains the rectifier 



Fid. 20.4. The circuit of Fig. 20.3 redrawn in the elementary form. 


and pentode within a single envelope. The designation 117- 
indicates that the cathode heater can be operated directly from 
the 117-volt a-c line. 

Electronic Control Corp. Smoke Detector M-343. This form 
of photoelectric relay (Fig. 20.5) uses two phototubes in series 
with the grid of the amplifier tube connected to the mid-point. 
Light from a common source is directed on both phototubes equally 
when no smoke is present. When even a light haze decreases 
the light from one beam, the phototube current balance is upset 
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and the amplifier grid is thrown more negative. This drops out 
relay B and sounds the alarm, or stops the ventilation blower. 




PT-1,2 930 Phototubes 
V‘ 1,2 lOS'JO voJt regulators 
V-3 6SJ7 Pentode 

V-4 80 Twin-diode rectifier 


Single^phase Fu//-wa\/e 
rectifier 


Capacitor filter and 
\/oPage divider 


Voltage regulator tubes 
for constant voltage 


Triode amplifier with 
contactors in anode circuit 


Two series phototubes 
in bridge circuit 


Fig. 20.5. Elementary diagram of the balanced phototube circuit used in 
the Electronic Control Corp. M-343 photoelectric smoke detector. 


The electron circuit in elementary form is seen to be quite 
simple. The single-phase full-wave rectifier uses a single capaci¬ 
tor Cl across the voltage divider B2 as a filter. From a tap 
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near the positive end of the divider resistor to the negative end 
are connected two VR105-30 regulator tubes, in series, to furnish 
a constant voltage of 210 volts for the amplifier circuit and 105 
volts for the phototube circuits. The amplifier circuit is con¬ 
ventional, the cathode potential and bias being set by the position 
of the arm of the potentiometer R\, Since the light on the 
phototube PT2 remains constant, it may be considered as a 
nonlinear load resistor (actually a cathode resistor here) in series 
with the control phototube PTl. Thus, it performs the same 
function as the phototube resistor R\ in the photoelectric relay 



Fig. 20.6. The (JE CU7o05N110 photoelectric relay with extended photo¬ 
tube holder. (Courtesy of General Electric Company) 


discussed previously. However, it has two advantages. By vary¬ 
ing the light on PT2 its effective resistance can be varied over 
a wide range; and since the light source is common for both 
phototubes, minor changes in this light should not upset the 
balance appreciably. 

Refinements in this circuit consist in grounding the negative 
d-c bus; a series relay C warns of excessive amplifier current; 
and a relay in series with the light-source lamp warns of a lamp 
burnout. 
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The GE CR7606N110 Photoelectric Relay. This is a more 
advanced form of photoelectric relay; it employs a number of 




Rccf'ifi'er and filter 
for output tube 


Output tube.con factor 
and cathode resistor 


Screen voltage divider and 
coupling to suppressor grid 
of fhe amph her tube 

Voltage divider betv/een 
amplifier tube and 25L6 gnd 


Amplifier fube 


Photo! u be and resistor 
connected to 
operate contactor on 
light decrease 

Phototube supply 
voltage divider 

Amplifier voltage 
divider, rectifier 
and filter 


Alternate phototube 
connections for 
operation of contactor 
on light increase 


Fig. 20.7. Elementary diagram of the photoelectric relay of Fig. 20.6. 


unusual circuits and deserves careful study (Fig. 20.7). It will 
be noticed immediately that there are two separate rectifiers, one 
for the output tube (at the top) and one for the voltage-amplifier 
tube. These are the two insulated halves of the 25Z6 rectifier, s 
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The top rectifier circuit includes a resistor tt filter. The bottom 
rectifier uses a single large capacitor for a filter across the fairly 
high-resistance voltage divider. Since by changing terminal con¬ 
nections and throwing a switch on the panel the action of the 
phototube can be reversed, an alternate diagram of part of the 
circuit is drawn to show the other connection. Normally, of 
course, the circuit need be drawn only for the desired phototube 
connection. 

Since the maximum permissible voltages across the gas-filled 
phototube is 90 volts, the dual-control potentiometers RS 
are used to obtain this voltage across the phototube and series 
resistor Rl throughout the range of adjustment of R8, This 
adjustment provides a bias on the amplifier tube equal to the 
potential drop due to the controlling phototube current through R 1. 

Initial Operation- Conditions. The operation may be traced 
as follows: Assume sufficient light on the pliototube to make the 
grid of the amplifier tube 6SJ7 equal to the cathode potential. 
This means that its anode is drawn down near the cathode poten¬ 
tial (with maximum current flowing through the anode resistor 
R3) and the grid of the output tube 25L6 at the junction of the 
voltage-divider resistors /iT7 and R18 is well negative of the 
ground bus and tube cathodes. Hence, the 25L6 is definitely not 
conducting. The anode current of the 6SJ7 tube is flowing 
through the cathode resistors R2 and R2A but the current and 
the resistance are so low that the IR drop is small. The arm of 
potentiometer R22 is assumed at ground potential. 

Operation on Light Decrease. As the light on the phototube 
decreases, the phototube current and the drop across Rl decrease 
until, as the 6SJ7 grid goes sufficiently negative, the current in 
the anode resistor RS decreases and the anode potential rises. 
This increases the potential across the divider R17 and /?18, 
bringing the 25L6 output-tube grid more positive until a point 
is reached where the output tube begins to pass current. As soon 
as the output current becomes appreciable, its flow through the 
common cathode resistor R2 and R2A raises the potentials of 
both the 6SJ7 and 25L6 cathodes. But the 6SJ7 stage has much 
the higher amplification so that the cathode rising with respect 
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to the grid will permit its anode current to decrease rapidly. 
This draws the divider and 25L6 grid positive more rapidly, in¬ 
creasing the 26L6 current through the cathode resistor. Thus a 
^^suicide,^^ or snap, action takes place, permitting the 25L6 to 
pass full current through the contactor coil in its anode circuit. 
(See Fig. 14.11 for the basic circuit.) 

When light on the phototube again increases, a point is reached 
where the grid of the 6SJ7 rises enough to start anode current 
flowing in that tube sufficiently to decrease the voltage across 
the divider R17 and 7^18. This drives the 25L6 grid negative 
and causes its anode current to decrease. When this occurs, a 
reverse snap action takes place and the contactor is immediately 
dropped out. Thus positive action of the (contactor is ensured 
even though the change of light on the phototube is quite slow. 
The adjustment on R2A determines the amount of snap action 
and the range between pickup and drop-out. 

The Ptilse-lengthening Circuit, In the foregoing discussion we 
have assumed that the arm of the potentiometer R22 has been 
turned to the grounded end so that the suppressor grid of the 
6SJ7 has remained at this potential throughout. Next let us 
consider this arm moved to the other extreme so that it is con¬ 
nected directly to fTO. The other side of (10 is connected to 
the screen grid of the 25L6, on the voltage divider R19 and R20. 
The resistance of this voltage divider is fairly high so that the 
screen-grid current of the 25L6, when it snaps to full current, is 
sufficient to pull the screen considerably less positive than it was 
in the no-current condition. 

This reduction of potential is transmitted through TTO to the 
suppressor grid of the 6SJ7 to drive it considerably negative. 
This definitely cuts off the anode current of the 6SJ7 until such 
time as CIO can recharge to the new condition—no matter what 
the potential of the No. 1 grid of the 6SJ7. Thus, when the 
arm of the potentiometer Rl is in this position, the potential of 
the No. 1 grid from the phototube need drop below the critical 
potential for only a brief time, less than 0.001 sec, to start cur¬ 
rent flow in the 25L6. After this the suppressor grid is driven 
negative, and a momentary locking action takes place that—in 
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:his extreme potentiometer position—will last for sec or 
[nore. Intermediate positions of the potentiometer arm will give 
a shorter lock-in time before CIO discharges and the suppressor 
^rid returns to ground potential. 

Circuit Refinements. Circuit refinements consist in the switch 
for reversing the sense of phototube operation, as mentioned 
previously (page 255), and terminal connections directly to the 
No. 1 grid of the 25L6 tul)e so that, by external interlocking 
means, the grid may be ccmnected to ground to hold the relay 
energized or to the negative bus to hold it deenergized in spite 
of the phototube action. By connecting the grid to ground 
through a normally open contact on the contactor, it is possible 
to hold in the contactor permanently after it has once been picked 
up momentarily by the pulse-lengthening circuit. Also, termi¬ 
nal are provided for capacity coupling between phototube and 
amplifier tube to permit operation only on rapid light changes. 

An interesting detail is resistor /fl5, connected between the 
positive points of the two rectifiers. Since the power tube is off 
when the amplifier tube is drawing its maximum current, the 
power-tube rectifier has a higher potential than the amplifier 
rectifies and permits enough extra current to be drawn by R\b 
to balance the anode current of the amplifier tube, thus holding 
the potential across the amplifier-reetifier divider and the photo¬ 
tube practically constant. 

A study of this circuit is especially helpful in acquiring an 
appreciation of the relative values of the currents and potentials 
that appear across different resistors. Note particularly the values 
of R2, R2A, and R15 in relation to the relative values of the 
other resistors in the neighboring circuits, 

DIRECT-CURRENT MOTOR CONTROL 

The Westinghouse DT3 Speed Control. This type of motor- 
speed control (Fig. 20.9) is capable of controlling some of the 
largest motors, since it operates on the field of an exciter, supply¬ 
ing the control field of the generator in a Ward-Leonard gener¬ 
ator-motor combination. The indication of speed is taken from 
a d-c tachometer (or pilot generator) driven by the motor. 
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The circuit is quite simple. The exciter field is energized by 
a three-phase half-wave rectifier through three thyratrons with 
cathodes at a common potential. The grids of the thyratrons 
are controlled by the typical d-c and quatlrature-phase-shift cir- 





Fig, 20.8. Control panel of the Westinghouse DT3 motor-speed regulator. 
Note the test voltme‘ter with plug and jacks built into the panel. {Courtesy 
of Westinghouse Electric Corporation) 


cuit. The quadrature phase is obtained by proper phasing of 
the grid transformers in relation to the anode windings. 

The d-c control component is obtained from the RJ-571 ampli¬ 
fiers, two of which are paralleled for maximum reliability. Direct 
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current for this stage comes from a three-phase copper oxide 
rectifier and is filtered by a 4-/xf capacitor. The voltage divider 



(‘onsists of two l(),()00-ohm fixed sections and a 1500-ohm variable 
bias seel ion for the RJ-57I tetrodes. The KU-fi2S thyratron 
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-50 K 

Fig. 20.10. Elementary diagram of the eleetronie amplidyne. Balanced voltage- and power-amplifier stages feed 
balanced amplidyne fields. Twin-triode tube 4 is the current limit takeover. 
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cathodes tap off at the mid-point of the fixed resistors, and the 
center point of the thyratron grid transformer is connected to 
the anodes of the RJ-57rs and their common 0.25-megohm anode 
resistor. 

A portion of the tachometer voltage, depending on the speed 
to be held, is matched against a 45-volt B battery as a reference 
standard, and the difference is applied to the control grids of the 
llJ-57rs. This may not be immediately apparent because in 
this circuit the various antihunt circuits are placed. They may 
be recognized as follows: First we have a capacitor-resistor phase- 
advance circuit on the tachometer voltage itself. Next an adjust¬ 
able resistor-capacitor lead network is taken from the exciter- 



Fig. 20.11. Thr Gi’iu'ral Flectric electronic amplidyne. {Courtesy of Gen¬ 
eral Electric Company) 


armature voltage. Finally, a lag network is applied at the grids 
to form an effective notch network (Fig. 18.13). 

The desired speed is set by adjusting the portion of the tachom¬ 
eter voltaic which is balanced against the fixed (battery) refer¬ 
ence voltage by the use of the rheostat Rl. 

Refinements. Refinements consist in connecting, mechanically, 
a rheostat in the exciter-armature circuit to the speed control to 
hold the regulator in its midrange over the desired speed range 
and to assist in the prevention of hunting. The amplifier tubes 
are paralleled, as mentioned, for greatest reliability. A voltmeter 
is mounted on the panel, with a plug and jacks brought out 
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from key points in tiie circuit for maximum convenience in cir¬ 
cuit checking. 

The General Electric Electronic Amplidyne. In this versatile 
d-c power unit the smooth, quickly reversible d-c power of the 
amplidyne generator is combined with the flexibility of the elec¬ 
tron-tube input to produce an amplifier element of interesting 
possibilities. The assembly of Fig. 20.11 consists of an a-c 
motor driving a 1500-watt, 250-volt amplidyne generator and 
a small 150-watt, 250-volt exciter which supplies the ampli¬ 
fier anode power and also excites the field of a d-c motor up 
to IH hp when used with the amplidyne in a regulating or 
servo system. 

As seen in P^ig. 20.10, the electronic amplifier consists of a 
balanced long-tailed pair voltage-amplifier stage (tube 3) followed 
by a similar balanced power stage (tubes 5 and 6) which excites 
the two balanced control fields of the amplidyne. In this manner 
the circuit is well protected from variation in anode voltage and 
filament heating even though the complete electronic-amplidyne 
amplification is several hundred times. 

The twin triodes of tube 4 act as current-limit tubes. The IK 
drop across the amplidyne-compensating field and the motor series 
field is applied to the grid of one triode and to the cathode of 
the other to give the polarities of grid potential required to take 
over the control from the anode of the corresponding voltage- 
amplifier triode of tube 3. The potentiometers 5P and 6P permit 
separate current-limit adjustments in each direction. 

The circuit amplification can be adjusted, with a compensating 
gain in forcing action, by the ‘‘shoestrings^ attenuator between 
the cathodes of the power tubes. 

Stabilizing for most systems can be accomplished by the lead 
circuit 1C and 2P, the notch circuit 5C and 4P, and the divider 
bridge 3C, 4C, 14P, 15P, 16P, and 17P. 

Another feature of the circuit is the insulated reference voltage 
maintained by the 105-volt regulator tube 2. In addition to the 
connection shown, the reference potential may be compared 
against an IR drop to maintain constant current (with voltage 
limit) or to supply anode voltage for a phototube input, etc. 
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THE RELIANCE VSC ELECTRONIC VARIABLE-VOLTAGE DRIVE 

This circuit, a development of the Reliance Electric and Engi¬ 
neering Company, applies electronic excitation to both the field 
of the motor and to the field of the generator supplying the 
armature voltage. Figure 20.13 shows a somewhat simplified 
circuit. Both fields are excited from ''freewheeling^' half-wave 



Fig. 20.12. The Reliance Electric and Engineering Company VSC Drive. 
{Courtesy of Reliance Electric and Engineering Company) 


shunted rectifier circuits, having thyratrons controlled by d-c and 
quadrature-phase-shift grid circuits. However, the circuits for 
constant-rate acceleration and deceleration and the circuits for 
transition from armature to field control are somewhat unusual. 

Constant-rate Acceleration. The circuit for constant-rate 
acceleration and deceleration is composed of the timing capacitor 
Cl and the 6SJ7, 6SN7, and two 6H6 tubes. It is, in effect, a 
combination of the pentode constant-rate charging circuit of 
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Fig. 20.13. Elementary diagram of the VSC drive. Adjustable voltage by “free-wht^eling" rectifiers for both motor field 
and armature generator field. 
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Fig. 14.1 on page 157 and the bisected rectifier square of Fig. 15.4 on 
page 176, which permits the pentode to function as a constant- 
current element for both the charge and discharge of the capaci¬ 
tor Cl, depending on the potentials established by the contactor 
C/21. One half of the 6SN7 twin triode acts as a rectifier for 
the screen and bias circuit of the 6SJ7 pentode and the other 
half as a cathode follower to transfer the timing-capacitor 
potential. By inserting different bias resistors R5 and /26, through 
contactor action different rates may be set for acceleration and 
deceleration. 

Transfer between Armature and Field Ranges. When a d-c 
motor is to be operated above base speed in the weak field range, 
it is almost always desirable to accelerate to base speed with 
full field in order to obtain maximum torque and to weaken the 
field thereafter. Thus, it is desirable that, as the timing capacitor 
charges up, full thyratron conduction in the field rectifier con¬ 
tinue as the armature rectifier is phased from off to full on, after 
which the field thyratron is phased back. Since both thyratrons 
have the quadrature-grid-phase circuit supplied through trans¬ 
former windings and RC network, it is necessary only to change 
the relative d-c potentials between grid and cathode for control. 

The generator-field-rectifier-thyratron grid voltage may be 
traced from the thyratron A cathode through a portion of the 
generated armature voltage to a point on the d-c voltage divider, 
and from the divider through the cathode follower resistor /21, 
R2y the anode resistor of tube B, and the quadrature-phase circuit 
to the grid of A. Therefore, as the timing capacitor Cl charges 
up, the generator-field thyratron starts conducting and the gener¬ 
ator voltage starts to rise. Because part of the generator voltage 
is included in the grid circuit, a feedback action takes place so 
that the armature voltage builds up fairly linearly with the 
capacitor voltage. When the rising capacitor and R1 voltage 
reaches the cathode potential of tube B of a 6SN7 connected 
as a diode), its rectification action snubs the grid voltage at that 
point and the armature voltage is held constant, the continuing 
rise in capacitor Cl potential being absorbed by the anode resistor 
R2, On deceleration, as the capacitor discharges, no decrease in 
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armature voltage takes place until the capacitor Cl potential 
drops below tube B cathode potential. 

Motor-field Weakening. The grid circuit for the motor-field 
thyratron C may be traced from its cathode through a voltage 
divider across the motor field to the cathode resistor R3 of tube 
D, to the supply d-c voltage divider, and from the divider to the 
quadrature circuit and grid. Because of the feedback action of 
the IR drop across part of the field voltage, which is opposed 
to that of the d-c-supply voltage divider, full field is maintained 
on the motor field so long as tube D is not conducting and there 
is no potential across the cathode resistor R3. (Note that the 
resistor R3 is connected to the divider at the same point as the 
cathode of tube B, which limits the armature voltage.) Hence, 
as the rising timing-capacitor potential rises past this point, 
tube D starts conducting; and its cathode potential, rising with 
the increasing IR drop of R3, raises the cathode potential of 
thyratron C with respect to its grid, decreasing the field voltage. 
The amount that the cathode of I) can rise and the minimum 
field voltage are set by the point on the d-c voltage divider to 
which the voltage divider on the grid of D is connected. As the 
cathode of tube D rises to a potential where the grid l)ecomes 
negative, the conduction through D becomes less and the increas¬ 
ing timing-capacitor potential will have little effect in raising the 
D cathode potential higher and further weakening th(‘ field. 

In practice the grid action of 1) becomes a secondary safety- 
limiting action, since the actual limit to timing-capacitor potential 
rise will be set at some lower value by the sp(‘ed-control potentiom¬ 
eter, 7^4. 

Other Features. Reversing of the motor direction and dynamic 
braking are done by magnetic contactors in the usual manner. 
The constant-rate decelerating gives a controlled degenerative 
action. Multiple preset speeds may be set up on potentiometers 
and switched to control the timing-capacitor potential circuits 
as desired. 

The General Electric Thsrmotrol GE CR7607G. This circuit 
(Fig. 20.16) permits control of the speed of a d-c motor over a 
wide speed range, including variation of both armature and field 
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voltage and with provisions for limitation of current during 
acceleration. It also provides compensation for armature IR drop 
to obtain a more constant speed when the armature-terminal 
voltage is used as the speed reference. 



Fu;. 20.11. The Thyinotrol panel for complete motor control, GF 
('117507(1118. (Courtemj of General Electric Company) 

In order to accomplish the various functions mentioned above 
it is natural that a number of tubes will be required. To con¬ 
serve panel space and save wiring, general use is made of dual 
tubes in which two insulated triodes or a triode and twin diode 
are included in the same envelope. However, this should cause 
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no confusion since the two halves may be separated in the elemen¬ 
tary diagram. 

The Power Circuits. Starting at the top of the elementary 
diagram (Fig. 20.16), we see first the power supply for the motor 
armature, a single-phase, full-wave rectifier using thyratrons as 
rectifiers. Next to it is a similar circuit for the motor field. Both 



Fig. 20.15. Back view of a Tliyniotrol panel showing typical wiring and 
components of a compact electronic control panel. {Courtesy of General 
Electric Company) 

sets of thyratrons are controlled by common center-tapped grid 
transformers, the phases of which are shifted by the resistor— 
saturable-reactor phase-shifting bridges (SRA^ SRF) seen along 
the left-hand side of the circuit. These bridges are so connected 
that increased current in the d-c windings of the saturable reactors 
will cause the thyratrons to conduct earlier in the cycle and thus 
pass a larger average current. Hence, in considering the d-c 
control circuit below we need remember only that more direct 
current in the saturable reactor SRA will increase the armature 


\A.C.Supply\ 
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input voltage and current, and increased current in the field 
saturable reactor NRF wilt increase the field current. 



Fig. 20.16. Elementary electronic circuit of the Thymotrol. 
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The D-C Control Circu’ts. The control circuit operates from 
d-c supplied by the full-wave rectifier VA shown below the motor 
field. This d-c is filtered by an inverted L filter and regulated 
by two 75-volt voltage-regulator tubes, the more negative of 
which, VB, acts as the reference for speed voltage and field 
voltage. 

The direct current for the armature saturable reactor SRA is 
controlled through tube VD, whose grid is fed by voltage divider 
i?3, /?4 from the resistor 7f2, which is the common anode resistor 
of tubes rC and VE. Assuming that the tube VE is noncon¬ 
ducting (its normal state, as we shall learn later on page 271), the 
armature control is exercised by tube VC. The cathode of this 
tube is at a potential preset on the voltage divider 7^50 across 
the 75-volt regulat(‘d supply, while its grid is connected to an 
adjustable point on a voltage divider /t9, 7754, 7710, which is 
seen to be connected across the motor armature. Hence, if we 
assume for a moment that the arm of 7750 is turned toward the 
negative bus, we note that the tube VC conducts more current 
and draws its anode voltage more negative. The same thing 
happens whenever the armature voltage rises high enough for the 
grid of VC to approach its cathode potential. 

Thus the sequence of armature control from the speed as indi¬ 
cated by the armature voltage is as follows: Rising armature 
voltage permits the grid of VC to become more positive. VC 
passes more current, drawing its anode and the grid oi VD more 
negative. VD passes less current through the d-c winding of 
SRAj the armature saturable reactor, the armature thyratrons 
are phased back, and the armature voltage is regulated at a point 
controlled by the grid bias of VC. The armature-voltage speed 
that will be held is determined by the setting of the arms on 
7750 and 7754. 

IR-drop Compensation. The armature voltage is not a true 
indication of speed. It includes also the voltage produced by 
the IR drop due to the current passing through the resistance of 
the armature winding. And for a given speed this IR drop will 
vary with change in load, so that if the armature terminal voltage 
were held constant the speed would vary with the load. In order 
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to compensate for the IR drop we must create a signal propor¬ 
tional to the current and subtract it from the total armature 
voltage. This is done in the next lower circuit. 

At the top of the circuit, in the armature power section, are 
seen two current-transformer primary windings T2P in the thyra- 
tron anode leads. These are on a common core with the mid- 
tapped secondary T2S and supply alternate half waves of primary 
excitation. T2S and rectifier tube VF feed the voltage divider 
R55, R2Qj and R5S in a full-wave circuit to produce a d-c voltage 
proportional to the armature current. For the moment we are 
concerned only with the drop across i?53. It will now be seen 
that if the arm of this potentiometer is moved to include part 
of the potential in the circuit to the grid of FC, we have here 
just what was needed, a voltage proportional to the armature 
cur^-ent, which is subtracted from the armature terminal voltage 
before this voltage is applied to the grid of VC, The portion of 
/?53 used is, of course, adjusted to correspond to the resistance 
of the armature of the particular motor used. 

Current Limit. Next to be considered is the remaining part of 
the voltage proportional to the armature current, that across J255 
and /?26. This is used as a current-limit control to prevent the 
flow of excessive armature current, which might damage thyra- 
trons or motor. It will be noted that a preselected portion of 
this voltage is applied to the grid of VE, Under normal condi¬ 
tions the grid is well negative of the cathode and the tube is non¬ 
conducting, as mentioned above. However, should the current 
rise high enough to permit the grid to rise to cathode potential, 
VE does conduct and draws its anode—and the grid of VD— 
sufficiently negative to decrease the current in SRA and prevent 
further rise of armature voltage and current. 

It should be stressed that this action takes place independent 
of anything that may be done by VC at the time. The current 
limit also overrides the field control through the action of VEEy 
as will be explained later (page 273). 

Field Control. At the bottom of the diagram is the field con¬ 
trol circuit. This is seen to be very similar to the armature 
control circuit. The d-c for the field saturable reactor is con- 
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trolled by VDDj the grid of which is fed by the voltage divider 
R16 and R25 from the anode of VCC, which, similar to VC, has 
a cathode potential of a preset point on the voltage divider R51 
and the grid of which is at a potential proportional to the voltage 
across the motor field. An increase in the motor-field current 
and voltage above the preset amount will raise the potential of 
the grid of VCC, increasing the current through this tube and 
drawing its anode and the grid of VDD more negative. This 
decreases the current in VDD and SRFj phasing back the field 
supply thyratrons to prevent further rise in field current. 

In order to make it possible to preset the motor speed over the 
complete range of armature and field voltage permitted by the 
motor design, the control element is a dual potentiometer com¬ 
posed of both R50 and 7251 mounted in tandem on a common 
shaft. The first half of the shaft motion moves the arm of 7250 
from the negative bus to the 75-volt bus to provide any preset 
armature voltage. During the second half of the control motion 
this arm rides over a low-resistance copper path so that the VC 
cathode remains at the 75-volt potential. On the other hand, the 
arm of the other potentiometer 7251 rides over a copper path 
during the first half of the motion so that the cathode of VCC 
remains at its most positive point, 75 volts, to provide full field 
during the time that armature-voltage control is used. During 
the second half of the control shaft motion the arm of 7251 is 
moved more negative to provide a weaker field for the speeds 
higher than base speed. The weakest field that may be used is 
set by 7227 as determined by the motor characteristics. 

It should be noted that the speed control is applied to the 
armature voltage and not to the field. The field setting deter¬ 
mines roughly the speed necessary for the armature to turn to 
produce a counter emf necessary to match the 75 volts across 
7250 under the field weakened condition, but the close regula¬ 
tion of the speed is always done through small changes in the 
armature voltage. 

Current Limit on Field Control. Let us refer back to the action 
of VEE, It will be remembered that increased armature current 
increases the potential of its grid. At the preset current limit 
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this grid becomes sufficiently positive to permit VEE to conduct, 
drawing its cathode—and with it the grid of VDD —more positive 
and increasing the current through VDD and SRF to the value 
necessary to increase the field current sufficiently to prevent 
further rise in armature current. In operating above base speed 
it is best first to limit the armature current by increasing the 
field strength before reducing the armature voltage. This means 
VEE should conduct at a lower value of armature current than 
VE, The cathode of VEE is connected to the grid of VDD 
and therefore, when the field is not at full strength, is negative 
with respect to the cathode of VDD and also that of VE (both 
on the 75-volt bus). Hence, the rising common potential of the 
grids of VEE and VE will permit VEE to conduct first, raising 
its cathode and the grid of VDD before VE is permitted to 
conduct. 

In a similar manner, no matter where the dual-potentiometer 
speed control is set when the motor is started, the current-limit 
voltage will ensure that full field will be applied to the motor if 
necessary until the motor has accelerated past base speed. Above 
base speed the field will become weakened only when the acceler¬ 
ating current has dropped below the preset current limit. 

The Complete Circuit. For the sake of simplicity discussion 
of the magnetic motor contactor, reversing contactors, dynamic 
braking resistors, field-failure relays, fuses, and other typical 
magnetic control not necessary to the understanding of the elec¬ 
tronic circuit has been omitted. Also not shown are surge- 
protection capacitors between thyratron cathodes and grids, and 
resistance-capacitor lag networks for stabilizing (see Fig. 18.12) 
between the anode and grid of VC, VCC, VE, and VEE. 

Tachometer Control. Although with the addition of the 7/2- 
drop compensation the motor speed can be held within 2 or 3 
per cent of the initial setting over a wide range of speeds and 
loads, if the best accuracy is required a tachometer driven by 
the motor is used to supply the voltage proportional to the motor 
speed. Since the load on the tachometer is constant, the gener¬ 
ated voltage is a more precise indication of its speed and accuracies 
of better than 1 per cent in speed control are possible. 
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Questions 

1. Draw the elementary diagram for a simple photoelectric relay operating 
on d-c obtained from an a-c line without a transformer. 

2. Why does a balanced series phototube circuit permit a highly sensitive 
circuit? 

3 . Describe the snap action of the GE CR7505N110 photoelectric relay. 
Why is this action desirable? 

4 . Indicate, by drawing superimposed sine waves, the phase relation be¬ 
tween anode and grid voltages and the required range of grid-voltage swing 
on the thyratrons in the Wc'stinghouse DT-3 speed regulator. 

Describe the action of the GE Thymotrol CI17507G1I8 when starting 
up with a speed setting in the weak-field range. 

6 , Why is the GE electronic ainplidyne quite inscMisitive to exciter-voltage 
fluctuations? 

7 . Describe the action of the Reliance VSC drive when starting up to a 
speed in the weak-field range. 



CHAPTER XXI 


ALTERNATING-CURRENT RELAY AND 
POWER CIRCUITS 

ALTERNATING-CURRENT RELAY CIRCUITS 

For general-purpose inexpensive devices such as electronic 
timers and photoelectric relays it is often desirable to use the 



Fig. 21.1. The ES-15 electronic switch. (Courtesy of Ripley Company) 

fewest number of tubes and to operate the circuit directly on a-c 
power without rectification other than in the control tube itself. 
Some of these typical circuits will now be considered. 
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The Ripley Electronic Switch ES-16. This device (Fig. 21.2) 
uses a simple form of a-c circuit which substitutes transformer 
windings for the batteries or voltage divider of the d-c circuit. 
The anode circuit winding has sufficient voltage so that, when 
the grid of the 6J5 triode pliotron is at cathode potential, enough 
(‘urrent will be passed through the tube during the positive half 
cycle to pick up the contactor and to store enough electrons in 
the parallel capacitor (T to hold it in during the negative half 

cycle. However, the grid of 
the triode is normally held 
sufficiently negative by the 
opposite-phase bias winding to 
render the tube nonconducting. 
The grid is connected, not di¬ 
rectly to the bias winding, but 
through a high-resistance Rl, 
It should be noted that on 
the inverse half cycle when the 
tube anode is negative the grid 
bias winding becomes positive 
and the grid draws a few mi¬ 
croamperes until the grid- 
cathode drop and the IR drop 
in R1 add up to the instan¬ 
taneous bias voltage. But since 
the anode is negative, there is 
no electron flow to the con¬ 
tactor even though the grid is 
positive. 

To make the triode conducting and to pick up the contactor, 
the grid is connected directly to the grounded cathode. The 
bias voltage will appear across 7^1. The current passing through 
the initiating contact is only the current through this resistor, a 
few microamperes. 

The contactor is provided with single-pole double-throw con¬ 
tacts to permit either making or breaking the controlled circuit 
when the grid-ground contact is made. 





switch 

Fig. 21.2. The cireuit of the KS-15 
electronic switch. 
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The General Electric Electronic Timer GE CR7604A1A. This 
form of timer (Fig. 21.4) is designed to delay the closing of the 
contactor for a preset time after the initiating switch is closed. 
This is done by precharging the grid-bias capacitor Cl through 
grid rectification action before the switch .SIT is closed. When 
the switch is open, it is .seen that the cathode is connected through 
Ii2 to the .same side of the line as the anode; so there can be 



Fig. 21.3. The GE timer CR7504A1A with cover removed. {Courtesy of 
General Electric Company) 


no electron flow from cathode to anode. However, the grid is 
connected through Cl and Rl to a preset point on the divider 
R3y PI between the a-c lines. Thus grid current will flow, 
charging up Cl to almost the full peak difference in potential 
between the preset point on PI and the left-hand line. This is 
because the resistance of R2 is such a small percentage of PI 
that the IR drop in P2 may be neglected. 
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The Timing Operation. When the switch is closed, the tube 
cathode is connected to the right-hand line and the cathode-grid 
potential now consists of the negative d-c voltage stored in Cl 
superimposed on an inphase a-c voltage consisting of that portion 
of the voltage across PI between the preset point and the right- 
hand line. The time delay is determined by the decay of the 
voltage across Cl as it discharges through PI. Since these 
components are of fixed value, the time constant is fixed and 
the time is determined by the point at which the grid circuit is 
connected to PI (see Fig. 15.13 for typical timing action). As 
this point is moved farther to the right, the time is increased by 
two means: (1) The voltage to which Cl is charged is increased. 
(2) The inpha.se voltage, which tends to cause the tube to con- 




C-} ctnd R-1 depeno! on f’he 
iiming range desired 

Relay operates on 230v or 
on fiSv from /n ter not I 
aufotrans former 


Fig, 21.4. Circuit of the GK (’H7504.\1A timer. 


duct, becomes smaller. Particularly at the shorter time settings 
the inphase voltage becomes a large fraction of the capacitor 
voltage, and so the grid is driven positive along a rather steep 
curve at a small fraction of the PI, Cl time constant to provide 
accurate timing in that portion of the range at which it is most 
necessary. Since the capacitor charge and the inphase voltage 
are both percentages of the line voltage, this circuit is partly 
self-compensating for reasonable variations in line voltage. 

The contactor has single-pole double-throw contacts. It is 
held in during the negative half cycle by the charge stored in a 
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parallel capacitor as in the case of that in the electronic switch 
described above. 

The Ripley Timers, Type 62, etc. These timers (Fig. 21.6) adjust 
the time setting by varying the value of the resistance in the 
resistance-capacitor timing circuit. By simple changes in circuit 
connections it is possil)le to obtain a variety of timing actions as 
the initiating switch is closed and opened. 

A Circuit. In the circuit combination A the contactor is 
normally picked up while the switch is open. When the switch 



Kkj. 21.5. Tlu' Riplrv timer typ(‘ 52 with cover off and chassis partly with¬ 
drawn. {('ourtfsi/ of I^iplrtf Companii) 

is closed, the oiit-of-f)hase bias voltage is applied to the grid, 
dropping out the contactor and permitting the grid capacitor Cl 
to charge up by grid rectification to the peak value of the bias 
voltage. When tlu* switch is again opened, the pickup of the 
contactor will be delayed until the grid capacitor has discharged 
sufficiently through resistor Rl to permit the tube to pass enough 
current again. R2 in series with the cathode prevents short- 
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Switch open - CR energized 
C/ose switch-CRdrops out 
Open switch - CR energized 
after time delay 


depend on time range 
"A" CIRCUIT 




"B" CIRCUIT 


Switch open -CR energized 
Close switch-CR drops out 
but IS energized again 
after time delay 



Switch open-CR is dropped out 
Close switch-CR energized 
after time de/ay 


Fig. 21.6. Alternate circuits for the Ripley timer type 52. 
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circuiting the bias winding when the switch is closed and provides 
the IR bias voltage. 

B Circuit, Circuit combination B reverses the bias winding. 
While the initiating switch is open, the contactor will be picked 
up and the grid capacitor Cl will charge up to the peak bias 
voltage by grid rectification. When the switch is closed, the grid 
is immediately driven negative by the amount of the charge on 
the grid capacitor Cl and the contactor is dropped out to remain 
out until the grid capacitor Cl has discharged through the adjust- 



Kig. 21.7. Photook'c'lric relay GE CR7505K2. An extended phototube 
hold(‘r may be used. Left, cover removed; ri^ht, cover. (Courtesy of Gen^ 
end Electric Company) 


able parallel resistor R\ and the grid has risen near enough to 
the cathode potential to permit sufficient electron current to flow. 

C Circuit. In circuit combination C the contactor is normally 
dropped out while the switch is open because the grid is held 
negative both by the out-of-phaso bias voltage and the charge 
built up on the grid capacitor Cl through grid rectification on 
the negative half cycle. When the switch is closed, the effect of 
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the bias winding is removed from the grid-cathode circuit but 
the grid is still held negative by the charge on the capacitor Cl. 
But since the bias winding is no longer effective, the capacitor 
can no longer retain its charge and in the time determined by 
the adjusted value of Rl will discharge sufficiently to permit the 
tube to conduct and pick up the contactor. 

A noteworthy feature of all the above circuits is the grounding 
of one side of the switch circuit. This often simplifies the wiring 
of the switching circuit. 

An insulated single-pole double-throw contact arrangement is 
provided on the contactor to operate the controlled power circuit. 

A Photoelectric Relay Operated from A-C (GE CR7606K2). 

I ACSuppfy\ This is a pliotron circuit very 


similar to those of the timers 

described above but having a 

asmfc/ phototul)e to supply the con- 

250v. ' trolling signal (Fig. 21.8). The 

!✓ n anode transformer winding and 

ill the contactor have been inter- 

CR "“1 

_changed to permit easier wiring 

#6J5^^K contactor and capacitor 

g.r;] at ground potential; but since 

,^[i. this is a series circuit, the 

—r| operation is not affected. The 

^ r 1 • • • 1 

♦PJ'23 phototube in series with a 

§ small capacitor CT is connected 

j across a 60-volt transformer 

rlBd.. H winding. Across part of this 

winding is a potentiometer so 

that the pliotron cathode may 

„ ^ ^, , be connected to the required 

Fig. 21.8. Circuit of tlu* photo- • x . i x • x- x xi 

electric relay of Fig. 21.7. ohtam operation at the 

desired light level. 

The phototube and pliotron grid action can best be studied 
by noting the inphase relation of both the phototube and anode 
windings and the point on the phototube winding to which the 
cathode is connected. Assuming the phototube to be dark, the 


Fig. 21.8. Circuit of tlu* photo¬ 
electric relay of Fig. 21.7. 
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Fig8. 21.9. and 21.10. A photoelectric relay using a thyratron, GE CR- 
7505K100. Views with cover off and cover on. A phototube-thyratron cir¬ 
cuit is also used in the Westinghouse type RQ relay. {Courtesy of Getieral 
Electric Company) 
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capacitor Cl is charged up by grid rectification on the negative 
half cycle just as in the case of the electronic timers. The volt¬ 
age of the charge depends on the portion of the phototube winding 
below the cathode point. The combination of this out-of-phase 
voltage and the capacitor charge is more than sufficient to hold 
the pliotron nonconducting. 

If a small amount of light shines on the pliototul)e, the electron 
flow (which can take place only on the positive half cycle) will 
tend to discharge the capacitor but will not have sufficient effect 
to raise the pliotron grid enough to permit pliotron current to 
flow. However, as more light shines on the phototube, a photo¬ 
tube current is soon reached that is sufficient not only to discharge 
the charge on the capacitor due to the previous half-cycle grid 
rectification but to reverse that charge to balance the out-of-phase 
phototube bias winding component and to permit sufficient cur¬ 
rent to flow in the pliotron to pick up the contactor. The con¬ 
tactor will remain picked up only so long as there is sufficient 
phototube current to reverse the capacitor charge each cycle. 
The amount of charge to be reversed—and hence the intensity 
of light required—depends on the point at which the pliotron 
cathode is tied to the phototube winding. The grid resistor R2 
protects the phototube against intense light, which would other¬ 
wise cause excessive current to be drawn through the phototube 
by way of the pliotron cathode and grid. 

An A-C Photoelectric Relay Using a Thyratron (GE CR7606- 
K100).i All the a-c relays discussed previously have employed 
pliotrons. This device (Fig. 21.11) uses a shield-grid thyratron. 
It also has a backward circuit in which the contactor is dropped 
out as light on the phototube is increased, as contrasted to the 
forward circuit in which the contactor is picked up on light in¬ 
crease. However, this relay was designed for simple counting and 
limit switch operations in which the phototube is normally lighted. 
The thyratron and contactor, operating only when the phototube 
is dark, need remain energized only a small part of the time. 

*‘Light-off Condition. Although only a single, tapped wind¬ 
ing is used, it will be noted that the phototube cathode is reversed 

^ The Westinghouse RQ relay uses a similar circuit. 
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in relation to the thyratron cathode so that it conducts on the 
inverse half phase of the a-c supply. Assuming the phototube to 
be dark and no charge on Cl, the potential of the thyratron grid 
will be approximately that of point b at the junction of C2 and 
RS, This combination C2 and R3 forms a fixed phase-shift 
bridge. Since the impedance of the capacitor at 60 cycles is 

I //5v 60''' I 


Trc^nsformer winding with pofenfiomefer 
to vary photoiube voitage and 
capacitor-res/stor bridge for 
fixed grid advance phase shift 


Circuit charged up by phototube 
when ii/uminated 


Thyratron and contactor 


00-a Anode voltage 

e 0 . t) fi^cd grid phase advance 

Co-d, Oridpofeniial, hffv light 
CR energized 

^o-dz f at high light 

CR dropped out 

Fig. 21.11. Circuit and grid-voltage wave form of the relay in Fig. 21.9. 

about 150,000 ohms and the resistor is only 7500 ohms and when 
it is remembered that the current to a capacitor leads the driv¬ 
ing voltage, it follows that the IR drop in RZ produces a low 
grid voltage almost 90 electrical degrees ahead in phase of the 
thyratron anode voltage. This leading voltage on the grid en¬ 
sures that the thyratron will be conducting for the full half cycle 
under the conditions as stated. 
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At this time, consideration may be given to the contactor in 
the thyratron anode circuit. Since the current capacity of the 
thyratron is much greater than that of the pliotrons previously 
considered, a larger contactor can be used. This is shunted by 
a large electrolytic capacitor to hold it in over the negative 
half cycle; and since the high charging surge might damage the 
thyratron and a reversal of charge would damage the electrolytic 
capacitor, a resistor RA is placed in series with (’3 to limit both 
the charging and discharging current. 

^^Light-on” Condition. Light shining on the phototube will 
permit it to conduct on the inverse half cycle, charging up CT 
with, of course, the negative potential at the phototube anode 
(and thyratron grid). The time constant of the /?2, CT combina¬ 
tion is 0.003 X 5 = 0.015 sec, or almost 1 cycle of a 60-cycle 
wave. So the phototube charges up the capacitor each inverse 
half cycle, and the capacitor discharges along the fairly steep 
curve during the half cycle in which the thyratron might be 
conducting. 

The discharge curve is superimposed on the permanent 
advanced phase-shift curve as shown in Fig. 21.11. As the light 
on the phototube increases, the charge on Cl is increased and the 
whole grid-potential curve is drawn more negative to turn off 
the thyratron. But, because of the leading phase component, the 
grid potential will be most positive near the start of the positive 
anode cycle. Hence, the thyratron will conduct for almost th{' 
full half cycle if it conducts at all. The contactor cannot receive 
partial current and thus cannot chatter. 

The potential applied to the phototube as determined by the 
position of the slider on the potentiometer FI sets the light level 
at which the relay will operate. /il is a pro tecdive resistor to 
prevent excessive grid and phototube currents. 

ALTERNATING-CURRENT POWER CIRCUITS 

Power Saturable Reactors, Electronically Excited (GE CR- 
7602). The series reactance of power saturable reactors of 32 
kva and larger has been extensively used to control a-c resistive 
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Fig. 21.12. A group of lighting-control panels using the basic circuit of 
Fig. 21.13. {Courtesy of General Electric Company) 

loads such as theater lighting circuits and resistance electric fur¬ 
naces. Because the large lamp filaments and resistor elements 
have a comparatively slow response, extreme speed in control is 
not required. The freewheeling circuit of Fig. 11.6 is usually 
employed because of the simplicity of control of its one thyra- 
tron (Fig. 21.13). 
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Since there is some voltage loss in the saturable reactor even 
when saturated, if standard 115-volt lamps or furnace resistors 



Aufo^ransformers fo obfctin proper \/olfage 
boost for hold and con trot ctrcu/ts 


A.C Winding of Saturable reactor m series 
with had. (Incandescent tamps) 


Feedback transformer across toad 
voltage. Also across part of SR 
volts to adjust control timits 


"Free wheeling"circuit supplying 
saturable reactor d. c winding 


”Turn-off"gnd voltage, rectified 
from feedback transformer 
Short time constant 


"Turn-on"voltage, rectified from a.c 
on "B"wire. Long time constant 

Pitot device supplying a c. for "B"wire. 
Shown here as simple potentiometer R-K 
May be extensive network h attain 
special effects such as scene preset, 
proportional dimming, etc 


Fig. 21.13. Circuit for the excitation of power-saturable reactors, GE 
CR7502B1A. 


are to be used a small boost must be given to the line voltage by 
an autotransformer or other means to compensate for this loss. 

The freewheeling circuit supplying d-c for the saturable reactor 
is seen to consist of the FG-17 (5657) thyratron and the 01^866 
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phanotron as an inverse shunting rectifier. Since the average d-c 
voltage on the winding of the saturable reactor from the half¬ 
wave 115-volt rectifier is about 30 volts d-c, the winding is de¬ 
signed for that voltage. 

The control circuit for the thyratron grid consists of two parts, 
a tum-on circuit and a turn-off circuit The turn-on circuit con¬ 
sists of an a-(^ voltage that may be supplied from any desired 
a-c control signal of any phase and comes into the tube panel by 
what has become commonly known as the B wire. The B wire 
voltage has been shown here as obtained from a potentiometer 
across the a-c line, as is the case in some of the lighting controls 
requiring only a few simple circuits. However, in complex cir¬ 
cuits such as in the Radio City Music Hall or the Metropolitan 
Opera House in New York, the original voltage may have been 
initiated in a small induction regulator, switched, boosted, 
^^dimmed,'^ and passed through two or three master circuits 
before it finally arrives at the tube panel. Since the power re¬ 
quired from this circuit is less than 1 ma at 50 to 100 volts maxi¬ 
mum, the switching and dimming of a large number of circuits 
at a comparatively small, conveniently located control board 
become possible. 

Tum-on and Feedback Voltages. The reason why the phase 
of the B wire signal is immaterial is that upon arrival at the 
tube panel the a-c voltage is immediately rectified by a half-wave 
rectifier in the twin diode GL-80 to charge the 7-/xf 0.1 megohm 
combination, which has such a long time constant that a com¬ 
paratively pure d-c results. The voltage across the capacitor is 
approximately equal to the peak of the B wire voltage. 

The turnoff voltage is an a-c rectified by the other half of the 
GL-80; it is derived through a one-to-one insulating transformer 
from a potential across the load. (Although normally across the 
load, the two ends of the primary of the feedback transformer 
T3P may be positioned at will along potentiometers across the 
load voltage and across the saturable-reactor drop to vary the 
control curve and to set the maximum and minimum voltage 
limits.) When across the load, however, the feedback voltage 
rectified will balance out the rectified voltage from the B wire 
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to place the grid of the FG-17 thyratron sliglitly below the cath¬ 
ode potential. 

It should be carefully noted that the time constant of this 
turnoff d-c voltage is much shorter than that of the turn-on 
voltage so that if the feedback is properly phased with respect 
to the thyratron anode voltage the capacitor is charged on the 
inverse half cycle and the discharge begins on the thyratron 



Fig. 21.14. Lighting control pit at Radio City Music Hall, New York. This 
elaborate board provides the proper switching and control of the B win* volt¬ 
ages required for the lighting circuit. {Courtesy of General Kleviriv. Company) 


positive half cycle. Thus, if the feedback voltage is just equal 
to the turn-on voltage, the thyratron grid will be at zero potential 
and the thyratron will tend to conduct for the full cycle. This 
would increase the load voltage and the turnoff voltage so that 
the next cycle the grid would begin at a voltage below the cath¬ 
ode potential and would rise more positive as the capacitor 
discharged, firing the thyratron sometime later in the cycle. If 
this is so late that insufficient saturating current is conducted, 
the feedback volts will fall and the new discharge curve will 
permit the thyratron to fire earlier next cycle. Actually, a bal- 
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ance is held at which the load (and feedback) volts are very 
nearly equal to the turn-on volts as determined by the B wire 
voltage. If the feedback transformer is tapped across only a 
part of the load instead of the whole, then the load volts will 
be more than, but proportional to, the B wire voltage. If the 
feedback transformer primary volts include part of those across 
the saturable reactor, the B wire voltage must overbalance these 
before the thyratron will conduct at all and small undesired 



Series a‘C motor with sptit 
fie ids. Shunt capacitors C-l and 
C-2 permit a more uniform current 
from the halfwave a.c. 

V-1 and l/•2 are power triodes 
(or pentodes connected as triodes) 
to control current to motor 


Grid circuits combine fixed dx. 
bias and reversible a. c. component 
from bridge RdandR'2 


The potential on the arm of R'I 
is varied by the primary stgnaf. 

The potential on the arm ofR-2 is 
changed by the operation of the 
motor to balance the bridge 

TIS 

Fig. 21.15. A follow-up or s(‘rvo control usinj^ a reversible split-field motor. 

voltages induced or otherwise picked up on the B wire may be 
rendered ineffective. 

Since this circuit tends to hold constant voltage across the 
load, rather than constant current, a change in the load, such as 
might occur if a lamp burned out, affects the voltage on the rest 
of the load only slightly. The load may be varied as much as 
4 to 1 without appreciable voltage change. 

Follow-up or Servo Control Utilizing Reversing Split-field 
Series A-C Motor. This circuit, shown in a simple form in Fig, 
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21.15, is typical of controls for small motors used in follow-up 
or servo mechanisms where the primary signal is too weak to 
operate the desired mechanism, which might consist of a valve, 
recording pen, etc. 

The motor power circuit consists of two pliotrons with cathodes 
at common potential and with a split anode transformer supply¬ 
ing the motor through its individual fields in a full-wave rectifier 
circuit. Capacitors Cl and C2, sometimes used across the fields, 
permit more current to flow from the half-wave sources. 

The control signal is taken from the resistance bridge com¬ 
posed of potentiometers Rl and R2. When the arms are at 
equal points on Rl and /f2, no difference in potential exists; so 
the bias on the motor control tubes is the d-c bias only and thus 
equal on both. Hence, the motor stands' still. 

Control Operation. If the potential of the arm of Rl is varied 
with respect to that of the arm on R2y an a-c component is added 
to the d-c bias. This a-c is positive when one tube can conduct, 
thus increasing the current through that tube, but is negative on 
the other half cycle when the other tube can conduct, thus de¬ 
creasing the current in that tube. This unbalances the motor- 
field current and permits the motor to rotate. Since the arm of 
potentiometer R2 is mechanically geared to the motor armature, 
it is moved by the motor rotation to balance the bridge once 
more, equalizing the position of the arms on and R2, 

The relative impedances of 7^1 and R2 are not important. So 
long as they are both linear or even have the same taper, the 
position of the arm of R2 will follow that of the arm oi Rl 
accurately. 

Many variations of this basic circuit are possible. The bridge 
output signal may be amplified before being applied to the power 
tubes. Four tubes may be used in two full-wave rectifiers with 
center-tapped grid transformers to supply a purer d-c to the 
motor. Thyratrons may replace the pliotrons to operate larger 
motors. This will require appropriate circuits such as that shown 
in Fig. 15.5 for grid phase shift. The basic circuit with an addi¬ 
tional balanced amplifier stage is used in an Askania Regulator 
Co. electronic servo system. The output thyratrons control the 



Fig. 21.16. An automatic arc welder using the circuit of Fio. 21.17 to con¬ 
trol the rod-feed motor at the top of the machine. The tube panel is at the 
bottom on the extreme right. {Courtesy of General Electric Company) 
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two shading coils on a shaded-pole induction motor, however, 
rather than the series fields as described. 

A similar circuit with Selsyn discriminator input has been used 
to excite balanced amplidyne control fields. 

Thjrratron Reversing Motor Control for Automatic Arc Welding 
(GE CR7607). This circuit (Fig. 21.17) is typical of reversing 
motor controls in which the motor speed can be changed from 
high speed in one direction, down to a creeping speed, to stand¬ 
still, and through to high speed in the opposite direction, with 
plugging torque for rapid stopping or reversal if desired. A d-c 
shunt motor is used with constant field and the armature power 
applied as a half wave from the positive or negative half cycles 
of the a-c supply. To obtain the most sensitive response near 
standstill, equal fractional-cycle impulses are applied to the arma¬ 
ture from both half cycles to keep the static friction broken and 
the shaft vibrating slightly. 

The control circuit is based on the long-tailed pair and the 
saturable-reactor phase shift for the grids of two inverse-parallel 
thyratrons. 

The Power Circuit The circuit elementary is shown in Fig. 
21.17. The motor field is excited by a full-wave rectifier. The 
inductance of the field itself is sufficient filtering, and so no other 
is used. The armature is supplied directly from the 230-volt a-c 
line through the inverse-parallel thyratrons and a series reactor 
to limit the armature current at standstill and under severe 
reversing service. The thyratron grid circuits include the phase- 
shift bridge, having a small saturable reactor as the variable 
element and, as a refinement, a shunt capacitor-resistor circuit, 
which, by means of a small grid-rectification action and a short 
time constant, lags the bridge signal slightly to allow for any 
phase difference between the line voltage used for the anode and 
that of the grid bridge winding. (If the proper-sized capacitors 
are added to the bridge circuit, the impedance of the capacitor- 
reactor combination at zero saturation may approach resonant 
conditions so that as the reactor is saturated the impedance will 
change even more sharply and a better phase-shift characteristic 
will be obtained than from the simple saturation action.) 
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The D-C Control Circuit. The d-c control circuit for saturation 
of the reactors is quite simple. The d-c is obtained from the 



Fig, 21.17. Control for electronic reversing operation of a d-c motor on an 
a-c supply, GE CR7507A. 


typical full-wave rectifier Tl, V2 with pi filter C3, XI, C4 and 
voltage divider R5, R2Q, R4. The fixed grid for the long-tailed 
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Fig. 21.18. The control panel of the 
VVestinghouse SC-2 register regulator. 
{Courtesy of Wesiinghouse Electric Cor^ 
poration) 

service, this arrangernent mig;ht 


pair is tapped near the center 
of the divider, and the voltaj^e 
to balance against the desired 
arc voltage is taken from a 
potentiometer /f5, which is part 
of the divider. The d-c winding 
for the saturable reactor SHI 
controlling the thyratron which 
feeds the electrode down to the 
work is in the anode circuit of 
that triode which has the fixed 
grid. The electrode-retracting 
motion is controlled by the 
other ttiode and SH2. It will 
be noted that the d-c winding 
of SHI is connected in a form 
of potentiometer circuit to limit 
the maximum curnmt which can 
flow in it. This is to limit the 
down speed of the electrode as 
desired in order that the most 
desirable arc-starting character¬ 
istic may be obtained. For 
other forms of reversing motor 
not be desirable. 


THE WESTINGHOUSE TYPE SC-2 REGISTER REGULATOR 
(FOR WINDER CONTROL) 

The complete equipment is used to align the edge of a web, or 
a printed line on it, accurately as the web passes through a 
rewind or slitting machine. The edge of the web or line is 
scanned by a phototube shortly after it is unwound from the 
feed roll and, if not in the correct position, the roll is shifted 
by a motor to correct the alignment. 

The scanning head includes a lens disk driven by a synchronous 
motor so placed that the rotating lens sweeps the image of a 
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lamp filament across the path of the web or line edge. A photo¬ 
tube records the instant that the reflected light changes due to 
the contrast between the web edge or line and the background. 
Since the lens disk is driven by a synchronous motor, the filament- 
image position, and so the phototube signal, has a very definite 
relation to the electrical voltage cycle. 



Fig. 21.19. C'ircuit of the Westiiif^house SC-2 register regulator. The steep 
wave front of the amplified phototube signal fires thyratron III, driving the 
grid of II negative to prevent II from firing if it has not already done so. 

The phototube signal is amplified and phased so that a sharp 
positive voltage rise occurs at the instant of passing of the fila¬ 
ment image across the web edge. 

Figure 21.18 is the control panel. 

The circuit of Fig. 21.19 shows the essential discriminator and 
output circuit. Its action is as follows: All tubes are thyratrons. 
Tube III is normally biased off by the d-c from Rectox (metallic 
rectifier) 3 but is fired by the positive pulse from the phototube. 
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The current through tube III flows through 1R driving the grid 
of tube II far negative and preventing its firing. Since tube II 
will fire when the grid rises to cathode potential, it will fire when¬ 
ever the unfiltered voltage from Rectox 2 drops to zero, provided 
tube III has not already fired. Since the voltage applied to 
Rectox 2 is derived from the RC bridge circuit which shifts the 
phase a quarter cycle, the zero grid voltage point occurs at the 
peak of the positive cycle. 

The Discriminator Action, The discriminator action is this: 
If the phototube signal occurs before the peak of the cycle, tube 
III conducts and holds tube II off. However, if the phototube 
signal occurs after the cycle peak, tube II has already been fired 
by the zero voltage point of Rectox 2 and the bridge circuit and 
the firing of tube III is ineffective. In brief, if the signal occurs 
before the mid-point of the filament-image travel on the web, 
tube II remains nonconducting; if after the mid-point, tube II 
conducts. This conduction or nonconduction of tube II must 
next be transformed into a reversal of the direction of the cor¬ 
recting motor. 

When tube II is not conducting, the d-c voltage from Rectox 3 
causes point 22 to be positive with respect to point 40. This 
potential, through the rectifier tie (see Fig. 15.16) causes tube I\’ 
to conduct. In a similar manner when tube II conducts, the 
greater voltage of its anode winding reverses the potential be¬ 
tween 22 and 40 to cause the firing of tube I. 

Tubes I and IV are connected in inverse parallel in series with 
the armature of the separately excited d-c correcting motor and 
so can cause it to turn in either direction (see Fig. 21.16). To 
sum up, if the position of the web or line is such that the photo¬ 
tube signal arrives early, tube II is held nonconducting and the 
correcting motor runs one way; if late, tube II conducts and 
the motor is driven in the opposite direction. 

WHEELCO ELECTRIC CONTROL (CAPACILOG) 

The circuit of Fig. 21.20 is that used for a motor-driven follow¬ 
up or servo control such as found in a recording instrument or 
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controller. For single point control tube 2 might operate a 
relay as shown by the dotted lines. 

This controller employs a tuned-grid, tuned-anode oscillator, 
tube 1, and detunes the grid circuit by the insertion of a light 
aluminum vane C (moved by the small power of the primary 
element) into the field of the grid inductance A as seen in Fig. 
21.21. The eddy currents induced in the vane alter the induct¬ 
ance so that the grid resonant circuit consisting of C\^ and 



Fig. 21.20. The circuit of the \Vh(*elco (^apaciloji; control. The presence of 
the vane C in the field of the tuning inductance A changes the amplitude of 
oscillation. This causes a change in the IR drop of R2 which, amplified by 
tube 2, reverses the phase in the grids of tubes 3 and 4 and thus the direction 
of the two-phase motor. 

C2 is no longer tuned to the frequency of the anode circuit L, C3 
and the exchange of energy through the tube and the amplitude 
of the oscillation becomes smaller. When the circuit is oscil¬ 
lating most strongly, considerable grid rectification takes place 
and a minimum average current is drawn from the power supply. 
However, as the oscillation is decreased because of the vane move¬ 
ment, the grid rectification becomes less and the average tube 
current rises. The capacitor C4 filters the radio-frequency oscil¬ 
lations, permitting only a slowing, changing current tl.rough H2. 
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The Power-frequency A-C Amplifier. The power supply con¬ 
sists of transformer windings excited from the usual 60-cycle 
supply, so low a frequency compared with the oscillating frequency 
that it might be considered almost as a slowly changing d-c. In 
this circuit all power is supplied by transformer secondaries, which 
are shown with polarities that occur during the same half wave 
of supply voltage. 



Fi(i. 21.21. A schtMiKilic vi(?\v ot the rehitiv<‘ inovemtMU of the vane C and tlie 
oscillator grid iiKluctance A. (Courtesy of Whealro Instnunents Company) 


I he anode voltage ot I 1 ol the oscillator tube 1 and the bias 
voltage V2 of the amplifier tube 2 are so proportioned that the 
potential of the grid of tube 2 varies over the effective range 
because of the change in the IR drop across R2 and CS as the 
oscillation amplitude changes. 

The potential of the grid of tube 2 determines the flow of cur¬ 
rent in tube 2 and the Ili drop in /t!3 and RA. A small amount 
of feedback bias from part of Ri to the grid of tube 1 assists in 
circuit stabilization. It should be noted that when current flows 
724 is positive with respect to /23 and when tube 2 is not con- 
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ducting R3 and RA act simply as a passive resistor in the voltage 
divider of the grid circuit of tubes 3 and 4. 

The Output Circuit. Let us next look at the output circuit, 
including tubes 3 and 4. They have a common anode supply 76, 
and their anodes feed the opposite halves of the primary of the 
output transformer T. So, if current flows in tube 3, a voltage 
will be induced in one phase in the secondary of T while, if cur¬ 
rent flows in tube 4, the voltage will be induced in the secondary 
in the reverse phase. The capacitors C6, C7, C8, and C9 assist 
in improving the wave form, which is somewhat distorted because 
of the half-wave rectification of tubes 3 and 4. Note that this 
is not a class B, or push-pull, amplifier since both tubes 3 and 4 
can conduct only on the half wave in which 76 supplies a posi¬ 
tive anode potential. 

The output from T is applied to one phase of a small two-phase 
a-c motor, the second phase of which is supplied from a constant 
a-c source. As the phase of the tube-excited winding is reversed, 
the motor direction reverses. The motor operates the control, or 
recording, functiiftn and also changes the relation between the 
vane and oscillator coil to restore balance. 

Since the direction of control movement depends on the rela¬ 
tive current flow in tubes 3 and 4, let us trace their grid circuits 
to see how this can be changed. When there is no current in 
tube 2, the bias windings 74 and 75 place a negative voltage on 
the grid of tube 3 and a positive voltage on the grid of tube 4. 
Thus, when tube 2 is cut off, there will be full current in tube 4 
and none in tube 3. But when tube 2 is conducting its maxi¬ 
mum, sufficient voltage appears across the resistors RZ and RA 
of opposite polarity to that of the bias windings 1^4 and 75 to 
reverse the polarity on the two grids and to cause tube 3 to con¬ 
duct and 4 to shut off. An intermediate current and voltage 
through /i3 and R^ will permit a balanced current through 
tubes 3 and 4, minimizing the voltage induced in T and stopping 
the motor. Under proper conditions the motor will respond to 
a change in relative vane and oscillator positions of between 
0.004 and 0.006 in. 

The tubes used are twin triodes, type 6N7. Two tubes are 
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THE FOXBORO COMPANY ELECTRONIC BALANCING CONTROL 
UNIT (DYNALOG) 

In the electronic balancing control used in the Foxboro Dynalog 
recording and control instruments, a Wheatstone bridge is used 
having a capacitor as the known variable to allow a really step- 


Ba/ancing Capacitor 
Rotor 


Balancing Capacitor 
Stator 



OnVe Coils 


DYNAPOISE DRIVE 

Fig. 21.23. The Foxboro Dynalog balancing capacitor and double solenoid 
s(*rvo motor. {Courtesy of The Foxboro Company) 

less operation. This device is also unusual in having a servo 
motor in the form of a balanced double solenoid, as seen in Fig. 
21.23. The relation between the core length and the coils is 
such that the pull is dependent almost entirely on the coil cur¬ 
rent so that the direction of core travel depends only on the 
relative strength of the current in the two coils. A dashpot is 



sj 0 iou&/og 

bupu»iiffg 



Fig. 21.24. Circuit of the Foxboro Dynaloj?. Tlie oscillator 1^5 supplies 1000-cycle p<i\ver for the measuring bridge and the 
discriminator T'3. The greatly amplified bridge unbalance is converted by 13 to a difference in current in the servo solenoid 
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used for mechanical stabilization. Movement of the core is trans¬ 
mitted both to the capacitor plates to rebalance the measuring 
bridge and to the pen to record the capacitor setting and hence 
the measured quantity. 

The Oscillator. The circuit appears in Fig. 21.24. A typical 
full-wave rectifier supplies the d-c anode voltage. Next, a push- 
pull oscillator Vb (6N7) having a plate circuit tuned by C20 to 
1000 cycles a second supplies the frequency to the measuring 
bridge and the discriminator circuit VZ. Although shown sepa¬ 
rately for clarity, all windings 7T, r2, 7'3, 7'4, and T5 are part 
of the sanu' 1000-cycle transformer. 

The Amplifier. The measuring bridge consists of the unknown 
resistance Ry (temperature element, strain gage, etc.), the fixed 
resistor R^^ the fixed capacitor Cp (which may be adjusted for 
calibration), and the variable balancing capacitor CV moved by 
the output solenoid core. An unbalance of the bridge results in 
an a-c voltage between ground and the grid of the pentode TT 
(6SJ7) which reverse's in phase as the bridge passes through 
balance. This 1000-cycle a-c signal is amplified by the capacity- 
coupled amplifier IT and both halves of the twin triode 1^2, a 
combination having a total gain of 100,000 times. Note that 
stal)ility is secured by two decoupling filter stages /?3, C2, and 
/M, C6 between the anode supply of the first and second stages 
and the lag network, or low pass filter RG and CO, between the 
halves of 12. The amplified unbalance voltage is applied to 
both grids of the discriminator twin-triode tube 13. 

The Discriminator. The anode supply for the triodes of r3 
are windings of the 1000-cycle transformer of about 50 volts each 
and opposite in phase. Therefore, the grid voltage, for one 
condition of bridge unbalance, will be in phase with the anode 
voltage for one triode and out of phase for the other, producing 
a wide difference in current flow in the two halves of the tube. 
If the bridge should unbalance in the opposite direction, the 
difference of current in the two halves will be reversed. 

The Output Circuit. The half-wave rectified current is filtered 
by RIO and Til and by R12 and CT2 to give a fairly smooth d-c 
voltage, which is then applied to the grid of the output tubes. It 
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should be noted that the whole discriminator circuit of F3 with 
its insulated 1000-cycle anode supply is connected for d-c to the 
rest of the circuit only at the junction of 7?11 and /?13 so that 




Fio. 21.25. The Foxboro Dynalog unit, front and back views. {Courtesy of 
The Foxboro Company) 

the average grid potential of the output-tube grids is that of 
the negative d-c bus and only the difference between the IR drop 
in the VZ anode resistors 7210 and 7212 is used to unbalance the 
output-tube grid potentials. 
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The output tube Vi (6N7) is another twin triode that acts as 
two simple d-c amplifiers having in their anode circuits the two 
coils of the servo solenoids. The unbalanced grid voltage received 
from VS causes an unbalance in the solenoid currents, moving 
the cores to actuate the recording pen and the variable capacitor 
to restore the bridge balance. Full-scale travel may take place 
in less than a second without overshoot or hunting. 

Questions 

1. What is the advantage of an electronic switch? Suggest some appro- 
priatcj applications of such a switch. 

2. Draw a circuit for an electronic timer suitable for closing an output 
circuit a preset time after an initiating switch is closed. 

3. Explain the recharging action of the timing capacitor in a typical a-c 
type electronic timer. 

4. How does the grid control action take place in an a-c type photo¬ 
electric relay in which the phototube is in series with a capacitor? 

5. Describe the action of the feedback potential transformer in main¬ 
taining load voltage in a saturable reactor lighting control. 

6. Explain with wave-form sketches how reversing action takes place when 
a separately excited d-c motor is controlled by inverse-parallel, or “back-to- 
back,” thyratrons connected in series with the armature. 

7. In the Westinghouse SC-2 resistor regulator, how does the firing of 
thyratron 2 reverse the motor armature power? 

8. Explain, with simple vector sketches, the motor direction reversal due 
to the grid-phase shift on the power tubes of the Wheelco Capacilog. 
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RESISTANCE-WELDER CONTROLS AND WELDER 
CURRENT REGULATING 

RESISTANCE-WELDER CONTROLS 

Electronic Resistance-welder Control for Spot, Seam, and 
Pulsation Welds (GE CR7503C110). This circuit (Fig. 22.2) will 
be seen to be an expansion of Figs. 15.14 and 15.21. The ignitron 
and thyratron firing circuits are the same, but circuits have been 



Fig. 22.1. Westinghouse ignitron contactor for resistance-welder control. 
In a basic panel such as this or in the extensive panel of Fig. 22.4, the igni¬ 
tron conducts the power current while all other tubes are added to |)ermit 
accurate timing and phasing. (CourleHy of Wenlinghotuie Electric Corporation) 
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Wefc^er power circuit Ignilrons V-7 
and V'S and firinq fhyrafrons V-S 
and V-6. See Hg, lS.I4foran explanation 
of this part of the circuit 

R-31 is thy rite surge protection 
across welder transformer primary 



7- 7 is step'down transformer energizing 
a. c. portion of the control circuit 

7-2 and T'9 are peaking transformers shifted 
in phase by RC bridges CR'29, R-30, C-tJ) and 
(R-50, C-401. T- 9 secondary is in grid circuit 
ofV'9indx portion of the circuit 


T-t represents all constantly 
excited control transformers 

V'3 and V-4 replace the switch of T-2 
of Fig. 15.14 to energize the welder V-4 
is a 'trailing tube, fired by 7-4 
when energized by V-J 

V'J IS the leading or key tube. 7he d. c 
control circuit of Fig. 22.3 need only 
control the firing o f this tube at 
the proper HEAT and COOL sequence 
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added to control the number of cycles in the heating period, the 
number of cycles for cooling between heat pulses, and the number 
of pulses. For spot welds, consisting of a single heat pulse, only 
a single ^‘heat^^ sequence takes place and the control locks out. 
For seam welds, composed of a continuous series of heating and 
cooling pulses, the “heat'^ and ‘^cooling'' intervals are timed 
continuously until the initiating switch is released. For pulsation 
welds the heat pulses continue for a definite number of pulses 
before the control locks out. That is, the spot weld may be con¬ 
sidered a pulsation weld with only one heat interval. The seam 
weld is a pulsation weld with an infinite number of intervals. 

Studying the circuit itself more in detail we see that, aside 
from the ignitron and thyratron firing circuit, the control circuit 
is divided into an a-c and a d-c portion supplied by the familiar 
full-wave rectifier and filter capacitor. 

The A-C Control Circuit. The a-c portion (Fig. 22.2) is fairly 
similar to that of Fig. 15.14. It consists of the peaking trans¬ 
former T2, with the phase-shift network if29, RZQ, C13 to deter¬ 
mine the phase angle of ignitron firing, the primary of the hold-off 
inverse phase bias, TIP, and the inphase firing transformer 
primary T3P, which, instead of being energized through a mechani¬ 
cal switch or contactor, is now energized through thyratrons F3 
and F4 connected inverse parallel to pass a-c. Of these two tubes 
it should be noted that only VS need be controlled. 74, which 
is normally held nonconducting by an out-of-phase bias from Tl, 
is caused to conduct—or trail after—73 by the inphase voltage 
from the secondary winding of T4, which is energized when 73 
conducts. Thus each time 73 is fired the a-c control circuit and 
the ignitrons are energized for a full a-c cycle. 

The D-C Control Circuit. The whole purpose of the d-c por¬ 
tion of the control circuit (Fig. 22.3), then, is to cause 73 to 
conduct or hold off for the desired heating sequence. The d-c 
voltage divider, from which all potentials are derived, is shown 
as Rl, R2, RS, and P36. The initiating switch SWl energizes 
CRl. 

Let us first, however, consider the potentials as found before 
CPI is energized, while its normally closed contacts are still 
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closed and the normally open contacts are open. C21 is con¬ 
nected across R36 of the voltage divider and is thus charged up 
to that potential. Since this voltage is greater than the peak 
voltage from the peaking transformer T9 (which would otherwise 
fire V9 at a definite time in the inverse cycle), F9 is held non- 


From o.c.porfion 
of circuit 


SW-I is 
welder 


operating 

swikh 



RelaxaHon osdIh for V' 9 
discharges C Z drawing V-3 
cathode negative to start 
HE A T period _ 

Closing of CRA contacts 
forces shield grid of V-9 
far negative to lock-out 
V-9 after pulsation wetd 


C-2. R'9 IS HEAT timer. 
C-21, R J5 IS COOL timer 
T'U, V-11 charges C-21 
to maximum value each 
Cycle of HEAT period 


O.C. Circuit voltage divider 

Pulsation welds made when 6W-4 
is closed. Ttl adds a definite 
charge fo C-22 through V-IO 
each tune V-9 conducts 
When charge on C 22 overhalances 
the bias V~2 conducts, energizing 
CRA to lockout V-9 


Rectifier and filter for 
d.c control power 


T-1 

Fig. 22.3. liosistance-welder control, d-c portion of circuit. 

conducting. Likewise, C2 will be found to be charged up to the 
difference of potential existing across /21, /?2, and J?3, carrying 
with it the cathode of F3 up to the potential of the positive d-c 
bus. Since the grid of F3 is at the preselected potential on i?2, 
it will be negative with respect to its cathode, T"3 will be non¬ 
conducting, and the welder will not be energized. 

To turn now to the pulse-counter circuit, the grid of the lock¬ 
out tube F2 is tied through CRl contacts to a preselected point 
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on RS6 and so is negative with respect to its cathode at the 
positive side of /?36; therefore, V2 is field nonconducting. The 
grid capacitor C22 is effectively short-circuited through the low 
resistance f?44 and the CKl contacts. 

The “Heat” Period. The initiating switch is energized. Let 
us assume first that the switch Si, closed for pulsation welding, 
has been left open for a seam weld so that the only action of CRl 
is the opening of the CRl contact connecting C21 to the negative 
bus. C21 immediately begins to discharge through R35, raising 
the potential of its negative end until the peaking voltage from 
T9 is sufficient to fire T9. T9, conducting, quickly discharges 

r2 connected across it and, through the inductive action of the 
primary of transformer T12 in its anode lead, has its anode driven 
sufficiently negative to permit deionization and its operation as 
a relaxation oscillator. When C2 is discharged the cathode of T3 
is drawn well below its grid potential so that on its next positive 
half cycle it will conduct and start the welder heating cycle. 

As the first half cycle of welding takes place, C21 is charged 
well negative by the action of transformer Til (energized by T3 
and T4) and the half-wave rectifier TH. Since C21 tends to 
discharge a little through R3o each cycle, a small charge from 
Til and Til will keep it fully charged to the voltage across T16 
and T17 so long as T3 and 1^4 conduct. 

However, while the heating cycle has been taking place, C2 
has been gradually rebuilding its charge through R9; and after 
a preset number of cycles, as determined by the position of the 
T3 grid on R2 and the time constant of C2 and 7^9, the cathode 
of T3 again becomes more positive than its grid. Thus T3 is 
kept from conducting on the next cycle, and the heating period 
is over. 

The “Cool” Period. Let us return, now, to the action of the 
grid of T9, which started the heating period. Since it was con¬ 
nected through the winding of the peaker T9 to the negative 
end of C21, it has now been carried well negative by the charg¬ 
ing action of Til and Til and is held there so long as the 
heating continues. When the heating cycle is finished, C21 can 
discharge through 7235 without interruption and it continues to 




Fig. 22.4. Resistance-wolder control, GIO CR7503C110. Front view show¬ 
ing operator’s panel and control tubes. (Courtesy of General Electric Company) 
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do so for a preset number of cycles, as determined by the point 
of connection of Rib to the voltage divider at R2 and the time 
constant of C21 and RZh, until the grid of F9 again rises suffi¬ 
ciently near its cathode to permit the peaking voltage of T9 to 



Fig, 22.5 The GE CR7503C121 rcsistnnce-weldor control panel. 
(Courtesy of General Electric Company) 
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fire yO again and start the heating period once more. This 
alternating heating and cooling cycle will continue as long as the 
initiating switch is closed. 

Spot or Pulsation Welds, If a spot weld is desired, consisting 
of a single heating period, or a pulsation weld consisting of a 
definite number of spots, the switch SWA is closed. This connects 
the anode of V2 into the circuit. The initiating contactor CKl 
completes the circuit to the anode of F2 and removes the short 
circuit from the grid capacitor C22. But since the grid, through 
the uncharged capacitor, is connected to a preselected point on 
R36 negative with respect to its cathode, V2 cannot conduct. 

However, each time VQ fires to start a heating period, the 
discharge current from C2 flows through the primary of trans¬ 
former T'12. The secondary of T12 is loaded across a voltage- 
reg'vilating tube lT2‘to limit its output to a definite voltage, which 
overbalances the out-of-phase voltage holding FlO nonconducting 
and permits it to conduct for one half cycle, to pass through R57 
a small increment of charge to C22 each time that F9 conducts 
to start a heating period. (It should be noted that FIO operates 
from the a-c supplied by a winding on Tl, and not from the d-c 
supply.) After a definite number of charging pulses, as set by the 
position of the connection of C22 to /?36, the accumulated charge 
placed on ^22 will overbalance this bias and permit F2 to conduct. 

In the anode circuit of F2 is the magnetic contactor CRA. 
Normally, when F2 is not conducting and CRA is dropped out, 
the shield grid of F9 is at approximately cathode potential. How¬ 
ever, when F2 conducts, CRA is energized and closes its contacts, 
connecting the shield grid of T"9 to the negative bus. Under 
this condition, F9 cannot conduct even if its No. 1 grid becomes 
positive. Thus the firing of F2 prevents further firing of V9 
and locks out the control after the desired number of spots. 
Dropping out of the initiating contactor CRl resets F2. 

Two noteworthy features of this circuit are that only the 
steeper parts of the discharge curves of C2 and C21 are used for 
timing, thus ensuring definite action and greater accuracy, and 
that the heating and cooling times, determined by C2, R9 and 
C21, jB 35, respectively, are completely independent. 
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THE GENERAL ELECTRIC CR7503C121 THYRATRON CONTROL 
PANEL FOR A-C RESISTANCE WELDING 

The modern resistance welding control is a very versatile in¬ 
strument. One of its functions is the timing of the welder 
mechanical action. This may consist of opening the solenoid 
valve to apply air or hydraulic pressure to the work between the 
electrodes. This pressure is applied during the ^^squeeze^’ time. 
The weld heat is applied during the ^‘heat^’ periods either con¬ 
tinuously or in pulses. After the weld, pressure is held during 
the *‘hold” time to permit the weld to freeze, and finally in some 
sequences there is a time after the pressure is released. 

In the CR7503C121 panel the ^^squeeze,^^ ^‘hold,^^ and “off^^ 
times are controlled by a CR7503F108 sequence panel. The 
more precise welding power-on and -off times are the duty of 
the CR7503B127 panel. 

A further function of the B127 panel is the firing of the con¬ 
trol ignitron at the desired phase angle to obtain the exact degrees 
conduction desired in each cycle. 

The F108 Sequence Panel. The circuit for this panel is shown 
in simplified form in Fig. 22.6. It will be noted that this circuit 
uses both a-c and d-c anode supplies. A-C is used for the thyra- 
trons 1, 5, and 6 and the magnetic relays ICR and QTD. Thyra- 
tron 9 and rectifier 2/1 receive their a-c supply from the B127 
panel for both anode power and rectified bias. 

The 150-volt d-c from a full-wave rectifier supply, not shown, 
is used for the RC timing circuits of IIC, 51C, and 61C. For 
seam welds (continuous on-and-off heat cycles) the two switches 
marked aS 4 are open. For spot and pulsation welds (a definite 
number of spots) they are closed. 

Spot Welds. The initiating switch picks up ICR which seals 
in and energizes the solenoid valve to apply weld electrode pres¬ 
sure. It also disconnects IIC, the “squeeze”-timing capacitor, 
from the negative d-c bus. IIC discharges through HR, which 
is adjusted for the desired ^^squeeze^' time, making the grid of 
thyratron 1 more positive until 1 fires, energizing ACR and 
IT’D. ITD connects points 28 and 28A in the B127 panel to 
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start the weld heat period. ITD also connects 61C to the nega¬ 
tive bus, cutting off thyratron 6 and thus dropping out &TD. 
ACR removes the short circuit across 38C and permits it to 
start charging when there is voltage induced in 1S9T. 

At the end of the heat time a voltage pulse is received from 
the B127 panel on leads 107 and 108 to energize the transformer 
primary 1T9T and induce a voltage in its secondary 1S9T, For 
a single spot 21R is set to a minimum resistance so that 38r 



Fig. 22,7. At left is the C121 operator’s control station. At rij^lit, B127 
section swung down to permit access to the firing thyratron and circuit com¬ 
ponents. {Courtesy of General Electric Company) 


charges quickly to a voltage sufficient to overcome the bias of 
36C and 23R and to fire thyratron 9 and energize XTD. This 
picks up QTD which then seals in. QTD, in turn, releases the 
hold-timing capacitor 51C from the negative bus. 51C, after 
discharging for the desired ‘‘hold'' time as set by 51/2, raises the 
grid of thyratron 5 positive enough to fire it and energize fiTZ), 
which, in turn, drops out lC/2, releasing the electrode pressure. 

If the “repeat-nonrepeat" switch is set to nonrepeat, the 
sequence stops here, but if it is set to repeat and the initiating 
switch is held closed, the drop-out of XTD permits 61C to time 
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out and cycle and permits thyratron 6 to pick up 6TD 

which drops out QTD^ cutting off 5 to drop out 5TD and thus 
permit ICR to pick up again and start a new sequence. 

Pulsation Welds. For pulsation welds having a definite num¬ 
ber of spots, 21R is set to a higher value of resistance so that a 
definite number of pulses of power from the B127 panel are 
required to charge up 38C sufficiently to fire thyratron 9. Other¬ 
wise, this action is the same as that for a single spot. Note that 
after thyratron 9 has fired, XTD places a local voltage on lP9r 
to assure that thyratron 9 remains energized throughout the 
sequence. 

Seam Welds. For seam welds, continuous heat and cool 
cycles, aS 4 is open. ICR cannot seal in, and QTD and 5TD 
cannot operate. Thus, all that the F108 panel does is to apply 
the squeeze time and maintain operation of the B127 panel 
through ITD until the initiating switch is released. 

The B127 Precision Synchronous Timing Panel with Heat 
Control. This panel provides the more precise timing required 
for turning the w^elding power on and off, or the heat and cool 
time. Its ultimate purpose is to reverse the phase on the bias 
transformer windings SZT (Fig. 22.9) which normally prevents 
the firing thyratrons 12 and 13 from supplying ignitor power to 
the ignitron contactors 14 and 15. The action of the ignitron 
contactor was described on page 191. Also, a somewhat similar 
method of grid-phase control using an RC bridge such as dC and 
AR and 5R is taken up on page 175, so need not be repeated 
here. In the simplified circuit for the B127 panel of Fig. 22.8, 
tubes lA and 10 are kenotrons, tubes 9 and 11 are pliotrons, tubes 
1 and 8 are glow tube regulators, and the rest are thyratrons. 
Since some tubes operate on opposite and “B” half cycles 
of the a-c supply, the transformer buses are shown twice, above 
the ground bus when they act as anode supply and below when 
they act as a negative bias. In this way it is hoped that the 
circuit operation will be clearer. 

The circuit depends for part of its operation on ‘'trailing-tube^^ 
action. For example, thyratrons 2, 3, and 4 have parallel induct¬ 
ances and resistances in their anode circuits. On page 119 we 
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reverse the phase of transformer FZT to fire the ignitrons. 
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found that this network tended to hold the anode positive after 
the start of a negative half cycle. Hence, if the anode is con¬ 
nected to the grid of a tube having its anode positive on the 
other half cycle, as is the case of tubes 3 and 4, when tube 3 fires 
it will cause 4 to fire on the next half cycle. Similar action 
occurs between 2 and 3 and between 4 and 7, but in this case 
timing circuits delay the action for a preset number of cycles. 

Circuit Operation of B127 Panel. Thyratron 2 is normally 
held off by the negative grid bias from 70A since its anode is 
positive on the half wave. However, closing of the ICR 
contactor in the F108 panel shifts the grid phase through 17C, 
17/^ network and fires tube 2. When tube 2 was off, the timing 
capacitor 35C became charged through lOA to the limit of 105 
volts set by tube 1. So when thyratron 2 conducts, the 
negative side of 35(’ is driven negative 105 volts minus the drop 
in 2 and is held down by the anode of 2 so long as 2 conducts. 
Then 35r cannot recharge and so discharges through 35K which 
is calibrated in the numl)er of cycles required to reach the critical 
voltage needed to fire thyratron 3. 

To prevent undue loading of the capacitor circuit and obtain 
precise timing, a cathode follower tube 9A is interposed to fire 
the grid of thyratron 3. Since it will be seen later that the firing 
of tube 3 causes the ignition contactor to conduct also, it appears 
that the delay between the firing of 2 and 3 is the off or cool time. 

The Heat Time Action. We noted above that 3 fired 4 as a 
trailing tube, but now let us follow another action of 3. Through 
the voltage divider 114A/^ and 115/?, its conduction supplies a 
negative cutoff bias to tube 11 A. Normally, 11A conducts and 
applies a negative bias to thyratron 5 through the drop in 55/2 
so that the action of S2T is ineffective. However, by the action 
of 3 in biasing off 11 A, thyratron 5 is free to respond to the 
positive volt swings of S2T, S2Ty it is seen, is the secondary 
of the heat-control phase-shift transformer P2T (Fig. 22.9), 
which sets the desired firing angle. So tube 5 fires at this preset 
phase angle. 

In the anode circuit of tube 5 are 53/2 and P3T', half of the 
primary of the bias transformer which holds off the firing thyra- 
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irons 12 and 13. When tube 5 is off, PST is excited from the 
voltage between 70A and 140A to supply holdoff bias to 12 
and 13. But when tube 6 conducts, P3T is effectively placed 
across 70A and ground, reversed in phase from its previous 
excitation, and a positive voltage appears to cause SST to fire 
thyratrons 12 and 13. 

Also when tube 4 is fired by the trailing action of tube 3, it 
will be seen that 4 acts through llABK and 116/2 on 11B as 3 
did on 11A and so the action of tube 6 and the other half of 
PST is exactly the same as that of 5 to complete the phase 



Fig. 22.9. 0121 power- and pliase-shift circuits. Compare this circuit with 

Figs. 15.21 and 15.14. Here firing occurs due to the reversal of phase of 
SST rather than by the addition of voltage. 

reversal on the firing thyratron bias and complete the excitation 
of the ignitron contactor to apply power to the weld. 

Returning again to tube 4, it is noted that it too controls the 
action of a timing circuit, composed of 85C and 85/2 and a cath¬ 
ode follower 95, which, after a preset time delay, fires thyratron 7. 
This timing period, which takes place while 4 is conducting, is 
the “heat’’ time. 

The Reset Action. Thyratron 7 energizes the primary P6T of 
a transformer whose secondary S6T in the grid circuit of tube 2 
is phased to hold it off and permit 35C to recharge. 

(In the description of the F108 panel, the voltage mentioned 
which appeared across 1P9T to permit charging of 38C is also 
that across P6T which appears when 7 fires for its resetting 
action.) 
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Since tube 3 fired in the same half cycle that 7 fired, the action 
of 3, firing 4 during the next half cycle, and 4, in turn, firing 7 
on the second succeeding half cycle, cannot be prevented in the 
circuit described. Thus the minimum number of cycles that 
tube 2 can remain off—and hence the number of heating arC 
cycles—is two. 

The Single-cycle Heat Time. When only one cycle on is needed, 
it may be obtained in the following manner: *S1 is closed, con¬ 
necting the anode of tube 3 to that of tube 7. Now, on the 
very first ^^on” cycle, when 3 fires, P&T is energized and tube 2 
is cut off. Thyratron 3 will fire 4 in the usual manner; but 
should 4 attempt to fire 7 on the next half cycle, it w’ill bo found 
that the failure of 2 to fire during the previous half cycle had 
allowed the energy jn 9 to decrease and the anode of 2 to reach 
the 140/i bus potential. This on the half cycle draws the 
grid of 7 far negative because of the action of 7A. PGT is not 
energized, and 2 fires again after having been off for only one 
cycle, thus having permitted only one cycle of power to be 
delivered. 

The Power and Phase-shift Circuit. In Fig. 22.9 we have the 
ignitron contactor and phase-shift bridge. The reversal of the 
phase of the Inas transformer 3T by tul)es 5 and 6 fires the thyra- 
trons 12 and 13 and through them the ignitrons 14 and 15 to 
apply power to the welder. 

WELDER CURRENT REGULATING 

Electronic Current Regulator for Resistance Welding Control 
(GE CR7603D160). T his circuit is designed to compensate for 
changes in line voltage, throat depth, and other factors affecting 
secondary reactance in order to hold a constant-rms welding cur¬ 
rent. Its fundamental principle of operation consists in energiz¬ 
ing the filament cathode of an emission-limited kenotron from a 
current transformer measuring the welder current and then 
amplifying the drop in the kenotron anode resistor to shift the 
phase of the ignitrons in an attempt to hold the welder current— 
and the kenotron emission current—constant. 




Fig. 22.10. r(‘^ulutin>^ paiirl to hold rin.s \v<*I<ling current (•<)iKstant, (110 
CR7503Dlf)0. Filament of r3 heated hy rms value of welding curnMit 
through action of tran.sformers C'l\ 7’5, and 7’7. lOmi.Hsion curnuit of V'3 
through is amplified by r2.'l, B to vary grid phase on r7, 8, and phase of 
“shock-excited” peaking transfonmT which noplaces 7’2 of circuit of Fig. 
21.4. Between heat periods V3 is kept at propiT average emission by power 
from Tl regulated through FIO, 11 to 7’7. M.\ reading set by P3, 4 etpial 

to average heat reading. During heat period 7’1, TIO, 11 arc cut off by r4.1, 
and F12, 13 are fired by Tf) to energize 77 from 7’5. V5 shunts noon lamp 
1'15 except when current limit is reached. Vi) A, B limit forward-firing 
phasir angle. 
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Since the cathode of the FP-400 kenotron used is a fine tung¬ 
sten wire heated to a high temperature, its response is remarkably 
fast. Only one or two cycles are required for it to attain equi¬ 
librium. In order to hold the cathode at approximately the 
correct temperature between welds an auxiliary stand-hy, or off- 
timej circuit is provided. When the weld begins, automatic 
electronic means transfer the cathode heater transformer over to 
operate from the welder current transformer. A signal circuit 
illuminating a neon light indicates when the circuit is functioning 
to supply full current to the welder and has reached the limit 
of its range. 

This panel, does not control the timing of the weld, that is, the 
number of cycles for heating and cooling. That is the function 
of the timing panel described above (Fig. 22.2 or Fig. 22.8) or 
similar panels. This panel only shifts the phase of the ignitron 
firing point to attempt to hold constant the rms welder current 
during the weld. In short, the whole purpo.se of this control is 
to vary the phase of the peaking transformer which replaces that 
of 7T of Fig. 15.14 or T2 of Fig. 22.2. 

Circuit Simplifications. Although the individual circuits of 
this panel are not difficult to trace, because of the multiplicity 
of circuits it is necessary that the relative values of the com¬ 
ponents be known and their position in the circuit noted so that 
their relative importance may be understood. For example, on 
the panel, all thyratrons have .^mall capacitors of 0.00005 /if 
between grid and cathode for the suppression of radio-frequency 
surges. Since their impedance at 60 cycles is extremely high, they 
do not affect the control action appreciably and may be omitted 
from the elementary. Almost all grids have series protective 
resistors of 1 megohm or so to limit grid current. If they per¬ 
form no other function, they may be omitted from the functional 
(dementary. Once the magnetic control part of the circuit, in¬ 
cluding the timer and contactor for cathode protection and 
continuously excited transformer primaries, has been traced, this 
part can be assumed and omitted from the elementary. 

In this circuit, phase-shift bridges and the center-tapped 
secondary of the main control transformer Tl place a quadrature 
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lagging phase on the primaries of transfonners TIO and Til; so 
the bridge circuit may be omitted, and this fact may be noted 
near the secondaries of these transformers as they appear in the 
electronic circuit. 

In the circuits of tubes V2A and V2B there are resistor- 
capacitor networks connected between anode and grid. From 
our study of basic circuits these are recognized as an antihunt cir¬ 
cuit; so, unless hunting is the problem to be considered, these 
networks can be omitted, temporarily at least, from the circuit. 

The Basic Circuit. In considering the cirtaiit stripped to its 
bare essentials, perhaps the best starting point is at the welder 
itself. Two signals are given to the control by the welder. (1) 
The primary of transformer T6 shunted across the welder is 
energized by the welder primary voltage whenever the welder 
operates. (2) The weld current, through the current transformer, 
energizes the primary of transformer 7'5 whose output is adjust¬ 
able both by taps and by loading on PI and P31 to set the 
current to be held. These adjust the w(^ld current required to 
energize the cathode of the emission-limited kenotron VS to the 
required temperature. 

The secondary of T5 is found to be split into two halves, which 
can be connected alternately by the thyratrons V12 and ITS 
to the two halves of the mid-tapped primary of the V'3 cathode 
transformer T7, It is further seen that 77 might also be ener¬ 
gized in a similar manner from the two halves of the secondary 
of the constantly excited transformer Tl through the thyratrons 
no and VTl. 

The D-C Control Circuit. In the d-c control circuit the full- 
wave rectifier including the twin-diode rectifier tube IT, the 
inverted L filter XI and CT, and the voltage divider PI, P2, P2, 
and P3 are familiar. The emission-limited kenotron VS and its 
anode resistor P6 are connected to the negative part of this 
divider. An auxiliary voltage divider is also tapped off the 
positive portion of the main divider. This consists of P5 and 
the parallel resistor circuits P3, KS7 and P4, P36, whose common 
negative end is connected to the adjustable point on P2. PS 
and P4 are two insulated potentiometers on a common shaft. 
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They are of the same resistance and have the same potential drop 
across them; but, because of the staggered positions of iB36 and 
RS7, the potentials are also staggered, with the result that as 
the common shaft is rotated the arms of the two potentiometers 
will always have a fixed difference of potential between them. 
The adjustments of P2 and P5 are preset to provide the desired 
range for PS and P4. 

Further inspection of the grid circuit of F12 and I 13 shows 
that the difference of potential between the arms of P3 and P4 
is a d-c bias on the two thyratrons, normally sufficient to hold 
them nonconducting. Therefore, under these conditions any 
excitation of the VS cathode transformer 77 must come from 
T1 through VIO and Vll. 

Emission Control during “Off” Period. Let us assume that 
yiO and Fll are conducting and T7 is energized. The filament 
cathode of r3 is heated, and its emission current flows through 
P6, the 11{ drop drawing the anode of ] 3 and the grid of V2A 
more negative. As the grid of \'2A is lowered below' its cathode, 
the anode current of V2A decreases, raising tlu' grid of V2B 
through the voltage divider /i8, A9. The anode current of V2B 
is increased, drawing its anode more negative. But the anode 
of V2B is connected to the grids of thyratrons VlO and Vll 
through the quadrature-phase transformer Til, and the cathodes 
of the thyratrons are connected to the voltage divider at the 
arm of PS. This is a typical quadrature-phase d-c shift thyra- 
tron control circuit (page 179 and Fig. 15.8). Since the action 
for an increase in emission of 13 is to draw the anode of V2B 
more negative, this will tend to pluise back the thyratrons, thus 
decreasing the excitation of T7 and preventing further increase 
in the cathode heating. So the emission of r3 tends to regulate 
itself at a value determined by the potential of the FIO, ITl 
cathodes on the adjustable arm of PS. 

Control during “Heat” Period. Let us assume that the welder 
has been energized. The shunt transformer 7"6 and the current 
transformer T5 are excited. The excitation of TG has two 
immediate results. Its secondary in the grid circuits of V12 and 
F13 drives the grids positive in the correct phase relation to 
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permit these tubes to conduct full current from T5 to energize 
T7. Also, the center-tapped secondary forming the full-wave 
rectifier with V6 charges up the capacitor-resistor network CIO, 
/fl6 in a direction to overcome the normal cutoff bias (the drop 
across iifl4) on the grid of V4A and causes it to conduct full 
current, drawing its anode down; and with it, through the twin 
diode F14, the grids of FIO, and Fll so far negative that FIO 
and Fll are definitely cut off. Note that, since 7^23 and 7724 
are 1 megohm and 7734 and 7735 are 0.1 megohm, the action on 
the grids of the potential of Til is now not efft^ctive. The excita¬ 
tion of the r3 cathode transformer 77 has now been trans¬ 
ferred from T1 to To, whose potential Ls proportional to the 
welding current. 

An increase in welding current will n()W cause an increase* in 
emission in r3 that will be amplified in \ 2A and V2Ii as before, 
drawing the anode of V2B lower. This time we are most inter¬ 
ested in the action on the grids of V7 and TS. Th(*se grids are 
also controlled through the varying d-c and mid-tapped quadra¬ 
ture transformer winding TIO. The lowered anode voltage of 
1^25 will cause F7 and F8 to fire later in the cycle. The anode 
circuit of these thyratrons is .supplied from the continuously 
excited transformer Tl, and the common load circuit includes a 
series milliammeter and a voltage divider 7721 and 7722 from 
which is tapped the primary of the peaking transformer con¬ 
trolling the firing thyratrons on the ignitron panel. The peaking 
transformer is shock excited by the steep current wave front twice 
each cycle when each thyratron fires and so can control both 
igniter thyratrons. Since F7 and F8 are pha.sed back with 
increasing welder current and F3 emission, the welder current is 
kept from rising and a constant current regulation is secured. 

When the weld is completed, T6 is deenergized, F12 and F13 
cease to conduct, CTO discharges, and F4 ceases to conduct, 
permitting T1 through ITO and Fll to supply 77 again. 

The Period Adjustment. The reason for the ammeter 

in the peaking-transformer circuit is as follows: A given firing 
angle for F7 and F8 means a definite average current in the 
milliammeter. When a job is set up and the desired welding 
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heat is obtained, the rnilliampere reading is noted during a weld. 
Since this part of the control circuit operates all the time, the 
emission of F3 is set during the period to match as nearly 
as possible the average emission of the ^‘on’^ period by setting 
the double potentiometer P3, PA at such a potential that the 
same milliammeter reading is obtained. 

Control Limits. The, twin diode 1 9.1 and \ 9B in the grid 
circuit of F7 and F8 serves to prevent the control from phasing 
forward beyond the natural phase angle of the welder (reference 
to page 97 and Fig. 9.5 will show the transients that occur if 
this is done). The continuously excited windings of Tl con¬ 
nected to the grids are of such a phase that the anodes of F9 are 
negative with n'spect to their cathodes during the positive half 
cycles for F7 and F8 and hence do not affect the normal opera¬ 
tion of the circuit. The potentials of the windings of T6, how¬ 
ever, oppose this voltage. If these potentials, proportional to 
the weld(»r voltage, should become sufficiently large to overbalance 
the 7T voltages, the anodes of F9 will become positive with 
respect to the catliodes during the working half cycles for F7 
and 1^8 and force the grids n(‘gative to limit the phase advance. 

The Signal Light. A refinenumt of this circuit is the neon 
light, which indicates when the welder output has reached its 
maximum. The device consists of a neon light F15, limited to 
firing on positive half cycl(\s by the rectifier VAB (triode used 
as a rectifier) and normally short-circuited by the thyratron F5. 
rs is normally kept conducting and the neon lamp extinguished 
by the inphase continuously excited winding of Tl, which over¬ 
comes the small d-c grid biiis voltage across RIA. However, as 
in the phase-limiting circuit described above, when the out-of- 
phase voltage across T6 becomes sufficient to overbalance Tl, 
rS ceases to conduct and the neon light is lit. Phase shifts in 
the anode circuit (T5, /?39, and R32 and in the grid circuit C13 
and 7^30 assist in the effectiveness of the control. 

Questions 

1. Define “spot," “seam," and “pulsation" resistance welds, and explain 
how' each is timed in the OE CR7503C110 welding control. 
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2. How does firing thyratron VS of Fig. 22.2 cause the welder to pass a 
full cycle of power at the proper phase angle? 

3. In the weld current-regulating control of Fig. 22.10, what is the means 
for obtaining a controlling d-c voltage prop{)rtional to the weld current? 

4. Why should the filament of kenotron VS of Fig. 22.10 be kept heated 
U'tween wolds, and how is this accomplisho<l? 

5. DescriU^ the pulsi^-counting action during pulsation wc'lding when 
using the (IF CU7503CU21 welder control. 
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APPKNDIX I 


NOMENCLATURE 

Symbols 


Staiidanl 
industrial 
syrnhol i 

ASA 

Xo. 

l)e^ ice 

Other symbols used for 
this device 


2. 1 

Battery 

"ET 

He- 


Caj)acitances (or con- 
d(*nsers) (fixed) 



d 5 

1 Cai)aeitance (adjust¬ 
able, variable) 

! 


OOQQ 

Air (M)ir 

Iron con* 

5 1 

o 2 

i 

Reactors or induct¬ 
ances (fixed) (a 
t ransforiner may V)e 
shown by two or 
more of these sym¬ 
bols) 

tpXY AAA 


1 

! 5.S 

1 

Iteactor or inductanc(‘ 
bid just able) 

i 

vv^ 

i 

-t- 

7. 1 

1 Wire crossing, no coii- 
; nection 

i -A 
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SvMBOiji— (Continued) 


Standard 

industrial 

symbol 

ASA 

No. 

Device 

Other symbols used for 
this device 


7 2 

Wires connected 

1 


7.4 

Ground 

3iiouNo-oiio.-iA*rN 


S. 1 

Contacts, normally 
closed when device 

-w- — H 



is not energized 


HH 

H.2 

Contacts, normally 
open when device is 
not energized 

—0 D— -o o- f J 

I 

j 

S 3 

N.O. contacts, tin\e- 
delay closing 



8.4 

N.C. contacts, time- 

-V- 



delay opening 


^ ^ A/ 

T 

, 8.8 

Contactor, magnetn- 


—OZD— 

9. 1 

i 

1 

Fuse 


-o- 

1 

10.2 

Lamps; letter indi> 
cates color 


-w- 

15.1 

Metallic rectifiers 
(copper oxide, etc.) 
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Standard 

industrial 

symbol 


"CiED" 


ASA 

No. 


Device 


Other symbols used for 
this device 


17.2 


lt(^sistor, fixed (may 
be marked to suit 
application) 


WW^ t-TLTLn 



A 


17.3 


R(‘sistor, adjustable 
or potentiometer 


^ wysA t_r y~Ln 


^ Electron-tube ele¬ 
ments: 

Cathode, directly 1 
heated filamtuit 




Cathode, unipo¬ 
tential, indirectly 
heated 




T 


Cathode, cold 
Grids 


wvv- 


Anode 


Ignitor 


i 


Ignitron 


Dot 




(anywhere 
in envelope) 


Gas-filled tube 


^ Envelope area 
cross-hatched 
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RMA Color Code for Resistors and Capacitors. The larger 
resistors and capacitors are usually marked with the rating on 
the body or support; but the resistors of 2-watt rating and below 
and the small mica capacitors, which are most often mounted 
on the panel where close inspection is difficult, are hard to identify. 
To make recognition easier they are marked with a color code to 
indicate the value of the resistance or capacity. Resistances are 
expressed in ohms, capacities in micromicrofarads. 

Three or four colors are applied as shown below’. Since most 
industrial electronic panels use components having a tolerance of 
5 per cent or more, this method of marking is sufficiently accurate. 


B A C A D 


A B C D 


RE SISTORS 


ABE 



CAPACITORS 


Kksi.stors 

A —Color for first siRnifirant fiRure. 

B —CoU)r for second siRiiificant fiRure. 

C—Color for number of zeros after s(*eon(l siRnitieant figure. 
D —Gold or .silver to indicate tolerance (\vh(‘n applied). 


Cacacitoks 

A —Color for first significant figun*. 

B —Color for second significant figure. 

E —Color for third significant figure. 

F —Color for number of zeros aft<‘r third -lignificant figure. 

G —Color for tolerance fH*r cent. 

f/—Color for working voltage (in hundr(‘<is). 


Examples: 

liesistor: Green body, black end, yellow band—0.5 megohm. Blue band, 
red band, black band, silver band—62 ohms, 10 [wr cent tolerance. 

Capacitor: Red, green, black, brown, red, blue. 2500 mA or 0.(X)25 ^uf. 
2 per cent tolerance, 600 working volts. 
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Color 

Significant 

figure 

Black. 

0 

Brown. 

1 

Red. 

2 

Orange . 

3 

Yellow. 

4 

Gre(‘n. 

5 

Blue. 

f) 

Violet. 

' 7 

Gray. 

8 

White. 

9 

Gold . 

5 p<‘r cent 

Silv(‘r. . 

10 per cent 

No color (I)) . . . 

20 per C(‘nt 


Multiplying value 



XI 

xio 

XlOO 

xiooo 

X 10,000 
X 100,000 
X 1,000,000 
X 10,000,000 
X 100,000,000 
X 1,000,000,000 

Tolerance or 

0.1 

Tol(‘raiice or 
Toleranc<‘ 

0.01 


Industrial-Tube-T3rpe Cross Reference 


Std. No. I 

Description j 

Equivalent types 

5550 

Ignitron, welder size A. . . .. 

GI.-415, WL-681/686 

5551 

Ignition, welder size B. . . 

FG-271, WL-652/657 

5552 

Ignitron, welder size C. 

rG-235A, WI^651/656 

5553 

Ignitron, welder size I). 

l'G-258A, WL-e55/658 

5554 

Ignitron, rectifier, 100 amp. 

rG-259B, WI^679 

5555 

Ignitron, rectifier, 200 amp. 

FG-238B, WL-653B 

5550 

Pliotron, triode, 8 mu. ... 

PJ-8 

5557 

Thyratron, ini'rc. tri., 0.5 amp. . . . 

FG-17, UE-967, WT-272 

5558 

Phanotron, mere., 2.5 amp 

FC;-32 

5559 

Thyratron, mere, tri., 2.5 amf). ... 

I‘G-57, WI.-631 

5560 

Thyratron, mere, tetr., 2.5 amj).... 

FG-95, W 1^)32A 

5561 

Phanotron, mere., 6.4 amp. 

FG-104 

5620 

Ballast tube, 6 volts, 0.25 amp .... 

FB-50 

5621 

Ballast tube, 18 volts, 1.0 amp 

B-e 

5622 

Ihillast tulK*, 12 volts, 1.1 amp . 

B-25 

5623 

Ballast tube, 13 volts, 2.2 amp 

B-47 

5624 

Balliust tube, 13 volts, 3.0 amp 

B-46 

5625 

High-voltage kenotron, 1 amp peak. 

KC-4 

5739 

Pliotron, ionization gage. . . 

FP-62 

5740 

Pliotron, electrometer tube. . 

FP.54 

5742 

Pliotron, triode, 30 mu. 

PJ.7 
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OHMIC VALUES OF RESISTANCE AND REACTANCE 

Introduction. Since the tolerance on the values of the resistors, 
capacitors, and reactors used in industrial electron circuits is 
usually ± 5 per cent, there is little need to find the ohmic values 
more exactly than to two digits or 1 per cent. Hence, a graphical 
determination of values is sufficiently accurate; furthermore, it 
provides a means for a rapid survey of the effect of changes in 
components, frequency, and so on. 

Alignment charts have been chosen for their simplicity, 
accuracy, and ease of use by anyone familiar with the logarithmic 
scales used on slide rules. In some cases tables of definite values 
for common sizes and frequencies are included for checking to 
prevent misplaced decimal points. However, a large portion 
of the values most commonly used may be determined directly 
with small chance of error, A piece of string, pencil, or folded 
sheet of paper may be used as a straightedge. 

Ohm’s Law. When any two quantities are known (volts, 
watts, milliamperes, or ohms), if a straight line is drawn connect¬ 
ing these two points the two unknown values will lie on this line. 

Example A: A current of 30 ma flows in a resistance voltage divider. 
How many volts will be found across a 2500-ohm section of the divider? 
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What watts must the 2500-ohm resistor dissipate? Line .4 shows 75 volts 
and 2.25 watts. 

Example B: 5000 ohms is connected across 200 volts. What is th(? cur¬ 
rent flow, and what watts are dissipated? Line B shows this to he 40 ma 
and 8 watts. 
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Ki<;. 11.2. .\li>rnnu*nt chart f(»r n‘sistan<*(‘.s or reactances in parallel. 


Parallel Resistors or Capacitors. To find the resistances of 
two resistors in parallel, coniu'ct the resistor values on the out¬ 
side le^s by a straight line. This line will cut the midleg at the 
resultant value. 

Example: What is the resistance of a G-ohin ami an 8-ohm re.sistor in 
paralh'i? Ans.: 3.43 ohms. 

In a similar manner there may be found the value of paralleled 
inductances or capacitors or the focal length of a lens when the 
object and image distances are known. 
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Inductive Reactances. 


L 

60 cycles 

100 cycles 

1 kc 

10 kc 

1 millihenry. 

0.377 

0.628 

6.28 

62.8 

3 millihenrys. 

1.13 

1.89 

18.9 

189 

10 millihenrys. 

3.77 

6.28 

()2.8 

628 

30 millihenrys. 

11.3 

18.0 

189 1 

1.89 K 

100 millihenrys. 

37.7 

62.8 

(528 

6.28 K 

300 millihenrys . 

113 

189 

1.89 K 

18.9 K 

1 henry. 

377 

628 

6.28 K 

62.8 K 

3 henrys. 

1.13 K 

1.89 K 

18.9 K 

189 K 

10 henrvs . 

3.77 K 

6.28 K 

62.8 K 

()28 K 

30 henrvs . 

11.3 K 

18.9 K 

18!» K 

1.89 ine^^ohms 

100 henrvs. 

37.7 K 

62.8 K 

628 K 

6.28 mej^ohins 


Example: Find inductance of 0.3 henry at 100 cycles. A line joining 
the two pointa cuts the center line at 189 ohms. (Check against table.) 


Inductive reactance tncreoxes with fretiuency. 

Inductive reactance increases with nunilter of henrys. 

To determine reactance value.s for otlier inductances and fre¬ 
quencies, each time either cycle or henry scale is multiplied or 
divided by 10, multiply or divide reactance scale by 10 also. 
The table provides a quick check for the scale multiplier. 

Example: Find inductance of 30 millihenrys (0.03 henry) at 10 kc (10,(XX) 
cycles). For 0.03 henry, divide henry scale by 10; for 10 kc, multiply cvele 
scale by 100. Reactance scale will be 3^0 X 100 = 10 times. 

Ans.: 10 X 189, or 1890 ohms (1.89 K) 
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Frequency 



Cycles per see Ohms Henries 

Fui. 11.3. AlignnuMit chart for inductive reactance. 
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Capacitive Reactances. 


c. 

60 cycles 

100 cycles 

1 kc 

10 kc 

0.0001 

26.5 megohms 

15.9 megohms 

1.59 megohms 

150 K 

0.0003 

8.84 megohms 

5.31 megohms 

531 K 

53.1 K 

0.001 

2.65 megohms 

1.59 megohms 

150 K 

15.0 K 

0.003 

884 K 

531 K 

53.1 K 

5.31 K 

0.01 

265 K 

159 K 

15.9 K 

1.59 K 

0.03 

88.4 K 

53.1 K 

5.31 K 

531 

0.1 

26.5 K 

15.9 K 

1.59 K 

159 

0.3 

8.84 K 

5.31 K 

531 

53.1 

1.0 

2.65 K 

1.59 K 

159 

15.9 

3.0 

884 

531 

53.1 

5.31 

10.0 

265 

159 

15.9 

1.59 


Example: Find reactance of 0.3 at 100 cy(*K‘S. A lino between the 
two points cuts the center line at approximately 5310 ohms, or 5.31 K (check 
table). Note that the center scale increases downward. 


Capacitive reactance decreases as frequency increases. 
Capacitive reactance decreases as microfarads increase. 

Each time the cycle scale or the microfarad scale is rnuUiplied 
by 10, the ohm reactance scale is divided by 10, and vice versa. 

Example: Find reactance of 0.0003 /if at 10 kc. The microfarad scale is 
divided by 1000; hence, multiply the ohm .scale by 10(X). The cycle scab' i.s 
multiplied by 100; hence, divide the ohm scale by 100. I'ioO ^ *000 = 10. 

Ans.: 5.31 K X 10 = 53.1 K ohms. 





Frequency 
^0 cycles per second 


360 


300 

250 

■200 



120 


-100 


MO 


-80 

-10 


GO 


1-60 
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r 350 Xfin ohms 
-400 

-500 

-600 

-100 

-800 

-900 

-1000 


2K 


3K 


■4K 



6K 


-IK 

-8K 

-9K 

-lOK 


15K 

•20K 


\-bO 


MO 

Cycles per sec. 

Vic., ir.4. 


h30K 

UoK 

Ohms 

AlijuEinu'iit chilli for capacitive reactance. 
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•1.0 mfd 
■ 0.9 


H ).8 


H).7 


- 0.6 

-0.5 

-0.4 

--0.3 


yo.z 


H).i5 


Lai 

Mfd. 
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Phase-shift Bridge Circuits. 

Example; Resistance-inductance bridge. 

R = 5000 ohms 

L = 30 henrys (A’t = 11,300 ohms at 60 cycles) 

Alignment as shown by dotted line. 

Grid phase angle is 133 deg. 

If K, Xi, or Xc falls outside of the values given, multiply or 
divide both components by 10, 100, etc., to bring values within 
scale reading. (If the angle a is desired, it is equal to one-half 
of A, The opposite internal angle is 90° — a.) 
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Ohms Ohms 

Fia. II.5. Alignment chart for obtaining the phase angle of a bridge com¬ 
posed of RL, or RC and a midtappcd transformer. 
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STANDARD CURVES 


Dog 

Siiu' 

0-180-360 

0 

0 

10-170-HK)-350 

0 

174 

15-165-195-345 

0 

2,59 

20-160-200-310 

0 

342 

30-150-210-330 

0 

500 

40-140-220-320 

0 

643 

45-135-225-315 

0 

707 

,50-130-230-310 

0 

766 

60-120-240-300 

0 

86r> 

70-110-2,50-290 

0 

940 

80-100-260-280 

0 

985 

90-270 

1 

000 
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Electrical degrees 
Fir,. III.1. The sin<‘curve. 
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PercentACK s 


Time 

constant 

1 T.- ' 

j Dis- 
1 charge 

Charge 

0 

100 

0 

10 

90 

10 

20 

81.8 

18 2 

30 

74.1 

25 9 

40 

67 

32 

50 

60.6 

39.4 

00 

54.9 : 

45.1 

70 

49.6 

50 4 

80 

44.4 

55 6 

90 1 

40.6 

59 4 

100 

36.8 

63.2 

150 j 

22.3 

77.7 

200 ! 

13.5 

86.5 

300 

5 0 

1 95 
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Fid. 111.2. Tlu“ (■xponcniial charge or discharge curve. 














APPKNDIX IV 


RECTIFIER WAVE SHAPES 


All voltage valu(‘s are in ratio of il-e volts output. 



New 


Volt 

age 


Ripple 


Current 
peak to aver¬ 
age per tube 

Con- 

duc- 

Type 

cir¬ 

cuit 

figure 

num¬ 

bers 

No. 

tubo 

... 

ond- 

ary 

a-c 

voltH 

to neu¬ 
tral 

Peak 

in- 

\ erse 

\ olts 

Rip¬ 

ple 

fa«-tor. 

rms 

IVi^k 

t(* 

trouuh 

Fre- 

‘lueiicy 

Uime.s 

line 

fre- 

tjueney) 

L-load 

li 

tion 

angle, 

deg. 

per 

tube 

Single-pha>c 











h a 1 f - v\ a V «• 
(freewheel). 

i 11 b 1 

i ^ 

'2 22 

1 .'>7 

1 21 

1 

. 3 14 

lx 

1 


O 180 

Biphu.se hulf- 

wave. 

i ! 

1 2 

1 11 

:i 14 

1 0 172 

I 1 :»7 

i 

2 

3 14 

0- 180 

SiiiKle-pha.se 
full-wave 

! 

12 :i i 

i 

i ^ 

1 !!♦ 

i :»7 

0 472 

1 :»7 

2x 

•» 

3 11 

0 180 

Three-pliJiHC 
half-wave. , 

12 t 


0 H.V» 

2 0t> 

0 177 

■ 0 t i0 4 

i :ix 

: ;i 

i 3 03 

1 30 i:»o 

Three-ph a.se 
full-wave .. 

12 H 1 



1 o:> 

0 040 

0 1 10 

»w 

' :t 

i 3 03 

30 \rA) 

F o u r - p h a s e 
half-wave . . 

12 7 

4 

0 7H.’» 

2 22 

0 09tt 

1 0 .42t'» 

4x 

i 4 

4 4:» 

!.'► 130 

Six-phase half¬ 
wave . 

12 .•) 

0 

0 741 

2 oa 

0 040 

0 1 0) 

t’>\ 

t) 

0 2H 

1 00 120 

Double Y with 
interphase 

12 0 

(i 

0 8.V> 

1 

; 2 09 

i 

i 0 040 

i 

I 0 UO 

! 

♦lx 

! :U 

1 

! (i;t 

1 

i 30^-i:>o 

i 


♦ Between terminals. 

t In this circuit two tut>es divide the rcctiher output current. In the other circuits tli<* 
rectifier current is the i>eak current of one tube. 
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PHOTOELECTRIC PHENOMENA 


1. Spectral Response of Phototube Cathode Surfaces. The 

romposition of the material in tlie cathode surface of the photo- 



Light wave length.millimicrons 


Fir,. \M. Hos])onse of soino phototuhr-catluMh* .surfat'rs to etjual light at 
each wavr Iriigth. 

tube (letormines the relative sen.sitivity of the tube to light of 
various colors as well as the total over-all sensitivity. Figure 
V.l shows the actual sensitivity of certain cathode surfaces for 
equal energy of light of different colors or wave lengths. The 
part of the radioelectronic radiation spectrum that affects our 
eyes as light covers the range of 400 X 10“® meter (violet) to 
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700 X 10"^ meter (deep red). This is usually expressed as 
400 to 700 millimicrons or 4000 to 7000 angstrom units. As 



UlfraViolct Violet-Green-Yellow-Orcinge*Red Infra Red 


Light wave length.millimicrons 

Fig. V.2. C’ompanvtivo .s|>ectral response distribution for pbototidM‘ cathodes. 



Ultraviolet Violet-Green-Yellow-Orange Rd Infra Red 
Light wave length, millimicrons 


Fig. V.3. Spectral distribution of light energy from tungsten filaments. 


may be noted from Fig. V.l, the sensitivity of the phototubes 
is not limited to the same range as that of the eye. 
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Figure V.2 provides another study of the relative eolor sensi¬ 
tivity. In this figure each curve is drawn to an arbitrary 100 
per cent sensitivity at the maximum value for each surface. 
The broken line of Fig. V.l indicates the relative sensitivity of 
the human eye to the various colors. 

Response to Incandescent Light. The light source used for 
most photoelectric work is not an ideal one producing equal light 
for all colors, but usually an incandescent lamp having a light 



Ultraviolet Violet*Green-Yellow-Oroinge-Red Infra Red 
Light wave length,millimicrons 


Fio. V.4. response* of pliototulx* cathodes to lij'ht from a 2500° 

K filament. 

distribution approximately as .shown in Fig. V.3. If this factor 
is taken into consideration, the actual respon.se to be obtained 
from the phototube when excited by such a light or by this light 
reflected from a colored surface is distorted to that shown in 
Fig. V.4. (The eye-.sensitivity curve peak has also been shifted 
to the red.) 

2. Simple Optical Systems. It is said that a light ray travels 
in a straight line. This is true only so long as the light continues 
in one medium such Jis air at constant temperature, a vacuum, 
or glass. The bending of the rays better to perform useful 
purposes is the object of optical systems. 
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The Radiation of Light Energy. If we consider our light source 
as a point with the light radiating from it in all directions, it is 
clear that the energy leaving the source in the form of light will 
cover the inner surface of a larger and larger imaginary sphere 
as it gets farther away from the source. Since there is a definite 
amount of energy being radiated and the surface of a sphere 
increases as the square of the radius, the amount of light energy 
that can strike each square inch or square foot of the sphere 
must become less by the same 
amount, or must vary inversely 
as the square of the distance 
from the source. If we consider 
only a small cone of light rather 
than the total radiation around 
the sphere, the same truth holds 
(Fig. V.5). Since the energy in 
the cone of light must remain 
constant, the intensity of the 
light striking a surface must 
vary inversely as the square of 
the distance from the source. 

Light intensity is comparable with voltage and is expressed 
in foot-candles —the intensity of light at a distance of 1 ft from 
a standard light candle made to certain strict specifications. 
The light-flux energy unit, the lumen, corresponding to the watt, 
is a light intensity of 1 foot-candle on an area 1 ft square. For 
example, assume a standard candle located at the center of a 
sphere of 1 ft radius. The brilliance of the light is 1 candle 
power. The intensity at the surface of the sphere is 1 foot- 
candle. The sphere has a surface area of 12.6 sq ft. Thus the 
total flux is 12.6 lumens. If the light source has a brilliance of 
2 candle power, the intensity at the sphere would be 2 foot- 
candles and the total lumens would be 25.2. 

Mirrors. The light rays may be deflected from their original 
direction by means of mirrors, either flat or curved. The ray 
reflected from the mirror always has the same angle with respect 
to the mirror as the incident ray and will be reflected on the 



Fkj. V.5. Th(‘ area covt'red by a 
juveii cone of liRlit varies with the 
square of the distance. 
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opposite side of the line perpendicular to the mirror at the point 
of incidence. If the mirror is a flat, or plane, mirror, the light 
rays will continue to expand in their original cone formation 
(Fig. V.6). However, if the mirror is curved, the light rays 
either may be bent farther away from each other or may be 
bent back toward each other to converge at a point again. In 
the case of a mirror of paral>olic shape, the point at which light 



\ Fig. V.7. The parabolic mir- 

Fig. V.6. The action of a ror reflector. F indicates the 

plane mirror. focal length. 


rays from a great distance, as from the sun, converge after striking 
the mirror is called the focal point of the mirror and the distance 
from this to the center of the mirror surface is the focal length 
of the mirror. Of course, a point source of light at this focal point 
will project rays from the mirror which are parallel (see Fig. V.7). 

T3rpes of Mirror, Mirrors may be first surface^ which means 
that the light strikes the silver or other reflecting surface directly, 
or they may be the second-surface type in which the silvering is 
plated on the back of glass. The first-surface type is the more 
efficient since the light does not have to pass through glass. 
However, the second-surface type offers better protection for 
the silvered surface and is much used in industrial work. 

The first-surface mirror absorbs between 5 and 10 per cent of 
the light as it reflects it. The second-surface mirror may absorb 
10 to 20 per cent. 

Prisms. Another method of bending or deflecting the rays of 
light is by permitting them to pass through a different medium, 
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which is usually some form of glass. This principle is used in a 
prism, a triangular block of glass, so shaped and placed that the 
light enters through one plane and leaves by another at an angle 



Red 

Yellow 

Violei 


Fig. V.8. The prism bends the short wave lenji^th (violet) more than it Ijends 
the long wave length (red). 


with the first, after having been slowed down and bent through 
the desired angle. If the light ray is bent sharply in the same 
direction, both on entering and leaving the glass, the short wave 
lengths (blue) will be bent more than the long ones (red) and 
a rainbow effect is produced (chromatic aberration). However, 
in most photoelectric work the bending is so slight that this 
effect may be neglected. 

At some gla.ss-air surfa(*es, a ray strik¬ 
ing the internal surface of the glass at 
a sharp angle may be totally reflected 
and not reach the air at all. In a total 
reflecting prism, the light may be bent 
through 180 deg and return in the direc¬ 
tion from which it came. This type 
of prism is similar in action to a mir¬ 
ror (Fig. V.9). It is somewhat more 
efficient, aKsorbing only 5 to 8 per cent of the light striking it. 

Lenses. As in the case of mirrors, glass may be curved in 
shape to cause the rays of light to converge or to diverge more 
rapidly than normal. Such pieces of glass are known as lenses. 
Like mirrors, they cannot create light energy; they can only take 
the energy that strikes tlu^rn and redirect it along a more useful 
path. For example, a diverging cone of light may strike a lens 
and be reconverged to a small cross section. Thus a spot of 
light of high intensity may be focused where desired. 



Fi(i. V.^). Total reflection 
obtained by double reflec¬ 
tion within a prism. 
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The Lens Focal Length. If light rays that are almost parallel, 
such as those from the sun, are directed through a 'positive lens 
whose center part is thicker than its edge, the rays may be made 
to converge to a point. This is called the focal point of the lens, 
and the distance from it to approximately the center of the lens 
is called the focal length of the lens. 

Thus, by definition, a ray of 
light passing through the focal 
point in one side of a lens will 
emerge on the other side parallel 
to the axis of the lens. Also, since 
light passing through the center 
of the lens passes through two 
parallel surfaces of glass, its direc- 
Moreover, it can be shown through 



Fkj. V.IO. The focal leiij^th of a 
simple lens. 


tion will not be changed, 
simple geometry that if the source of the light rays is not at 
an extremely great distance but is close by, the distance from the 
light source Si to the lens and the distance from the lens to the 


Lens 



point at which the rays converge on the other side of a lens S 2 
are related to the focal length / ot the lens by the simple formula 
1/Ni + 1/^2 = 1// (see Fig, V.ll). 

Practical Light Sources. We have talked so far of a point 
source of light. We know that in practical applications this is 
an impossibility. Although for photoelectric work we use auto¬ 
mobile head-lamp bulbs and other forms of lamps with a concen¬ 
trated filament to secure a source of the smallest practical size, 
these filaments must have finite dimensions. W hen the light 
from a definite filament is projected through the lens, the rays 





/MHSTHIAL ELECTRONIC CONTROL 


.S62 

from each point on the filament will converge to a point on the 
opposite side of the lens. However, as stated above, the rays 
passing through the center of the lens are not bent, so that those 
passing from the top of the filament will appear somewhat below 
the axis of the lens as they converge again. In the same manner, 
those from the bottom of the filament will appear above the axis 
of the lens. If at this focusing point we place a sheet of paper or 
ground glass, we see an upside-down image of the filament that 
compares in size with that of the original filament as the distance 
of the image from the lens compares witli the distance of the 
filament itself from the lens. 

Since the energy receivixl by the lens from the light source is 
constant, the intensity of the light at the filament image must, 
of course, vaiy inversely with the area of the image. This means 
that it must vary inversely as the square of the distance of the 
image from the lens. 

Of course, the larger the lens and the closer the filament is 
to it, the larger the cone of light received by the lens from the 
filament. However, this requires that the lens bend the light 
rays more until a practical limit is reached in the size and shape 
of the lens. Usually, a lens focal length of 132 to 2 times its 
diameter is about the practical minimum. (This ratio is called 
the/-number of the lens.) 

Two-lens Systems, Two lenses placed close to each other act 
almost as a single lens. However, if they are spaced fartlua* 
apart, but less than the focal length, a slightly diffen*nt formula 
is used to indicate the effective fo(*al length of the system. 

p =__ 

h+h-d 

when d is the distance between the lenses. 

If the lenses are spaced farther apart than the focusing point 
for the previous lens system, the image formed by the first lens 
may be taken as the object that is focused again by the second 
lens (Fig. V.12). 

Efficiency and Apertures, The light that is selected from the* 
light source by the first lens in an optical system is the only 
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light that is available, and this is reduced each time that the 
light passes from air to glass or from glass to air. At some point 


Lens NoJ Virtual LensNo.2 , 

nhlf>rl‘ ^ --A— — imacre 7r“ — — - 



Fic. \M2. A two-U‘ns optical system. 


farther in the system, it may be necessary to decrease the light 
that has been passed by the first lens by using a slit or opening 
smaller than the available cross section of the light beam at that 
point. That point in the system whe^re the opening limits the 
portion of the original light which finally reaches the end of the 
system is called the aperture. 

Reflection from Specular and Diffuse Surfaces. For many 
photoel(‘ctric applications, we must work with light reflected from 


Light 

source 



Speculc^r 

(Mirror) 

reflection 


Light 

source 



V.I3. Specular ami ditVu.'^c reflection. 


a surface. Hcdlection is of two kimls: (1) sprcular, which is mirror 
reflection, exc(»pt, usually, with greater losses, and (2) (lijfusc^ in 
which refl('ction is from a surface so rough that the light rays 
are reflected in many directions and no image of the original 
source can be seen (Fig. V.13). (This paper reflects light by 
diffuse reflection.) The brilliance of light reflected from such a 
surface is usually expressed, not in candle power, but in latuhertSy 
the equivalent of a lumen radiated from .a square centimeter. 
(The millilambert, 0.001 lambert, is a more convenient unit.) 
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Light from such a diffuse surface can be projected through an 
optical system to produce images of the surface, just as light 
from a concentrated source can be. However, because the light 
is now diffused in many directions, a much smaller percentage 
reaches the lens and a much lower light intensity in the image 
results. 

Lens Quality. The sharpness of the image projected by the 
lens depends on the quality of the lens used. For accurate 
photographic work, highly corrected lenses made of a number of 
pieces of special glass are used to cause all colors to focus at 
nearly the same point. However, for most photoelectric work— 
counting opaque objects, limit switches, etc.—simple lenses made 
of a single piece of glass are adequate. For special work, such 
a.s color-register control or in spectrophotometers, more elaborate 
lenses are used. See Fig. V.14 for a typical example of a photo¬ 
electric optical system for scanning a surface by reflected light. 

The Bausch & Lomb Optical C^ompany, Rochester, N. Y., 
makes and stocks a wide variety of unmounted lenses that may 
be used for photoelectric work. These are described in their 
catalogue D-10. Often simple lenses su(*h as those used in spec¬ 
tacles may be obtained from local optical dealers. Opticians 
usually specify focal lengths in diopters. A diopter is the recip¬ 
rocal of the focal length in meters (40 in., approximately). Thus 
a 10-diopter lens has a focal length of 4 in. 

3. Light Filters. Light filters, composed of colored gla.ss or 
dyed gelatin, are placed in the optical system between light 
source and phototube to p(‘rmit a selected band of colors to be 
transmitted more readily tlian the otluTs. It must be distinctly 
understood that the action of filters is purely subtractive. They 
can hinder or prevent the pa.ssage of light of diffc^remt colors to a 
varying degree but cannot increa.se the amount of light of any 
color beyond that present in the beam from the light source. 
Indeed, a.s has been noted (page 362), every glass-air surface 
cau.ses some reflection and loss of transmission, and, therefore, 
even the most favored color band is dimmed somewhat. Thus 
occasionally it will be found that, while the use of a filter will 
produce a greater perccnta(je difference in th(i amount of light in 
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the desired and undesired bands, the light in the desired band 
may be so decreased that better over-all results may be obtained 
by omitting the filter. 

Light Absorbed Becomes Heat. The filter prevents the pas¬ 
sage of light radiation by absorl^ing its energy as heat within 




Fig. V.14. A typical pluMoclcclric optical system as ustnl in the GE CR- 
750.5P108 scanning head. {Courtt ay of General Electric Company) 

the filter. This heat raises the temperature of the filter until a 
balance is reached at which the heat can again be radiated to the 
surrounding air. If the filter is small and the light is intense, 
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the filter may be heated to an excessive temperature. If th» 
filter is in a tight mount, its expansion may stram and crack it. 
If the filter b gelatin cemented in glass, the cement may melt or 
the gelatin film may split. The obvious cure is better ventilation 
of the filter, a better mount, a cooler location for the filter, or, 
if no other means is possible, a larger filter in a broader portion 
of the beam to spread the heat over a larger surface. 

Practical Filters. An ideal filter would transmit 100 per oeni 
of the light in the desired band and then cut off sharply at the 
desired wave length to zero transmission. Av'ailabl** filters, un¬ 
fortunately, fall oonsiderably short ol this ide.al. 



Violet Blue Green Yellow Orcinge Red Infra Red 
Light wave lengfh^millimicrons 

Fig. V.15. Average transmission curves for .some repre.seiiltitive gi‘latin (illers. 

Light-transmission curves for a few repn^siuitative filt(*rs ari* 
shown in Figs. V.15 and V.16. Those in Fig. V.15 are of tin* 
dyed-gelatin type. From the efficiency standpoint, transmission 
of the desired band and sharpness of cutoff, they seem the most 
desirable. However, the gelatin is fragile and must be properly 
mounted and carefully protected for best results. Industrial 
filters are usually made by cementing the gelatin between two 
sheets of glass. This gives satisfactory performance if the filter 
is properly mounted and is not subjected to excess heat or mois- 
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ture. The colored-glass filters, some of which are shown in 
Fig. V.16, on the other hand, contain the coloring matter as an 
integral ingredient in the glass and hence are inherently more 
stable and sturdy than the gelatin type. Therefore, there are 
many installations, particularly out of doors, for which the glass 
filter is preferable. 

Gelatin Filters. Perhaps the gelatin filter most generally used 
is the Wratten filter made by the Eastman Kodak Company at 
Rochester, N.Y. For most industrial uses it should be ordere<l 
cemented in R-glass, a good quality of ground and polished glass. 



Fk;. V.K). AvcniK^* tniiisinission (’urv(*.«? for .‘^orm* representative glass filters. 

A-gla.ss mounts are sufKM'ior optical Hats but are much more 
expensive and need not be used unless it is absolutely necessary 
to place the filter in the path of an image-forming lens system 
where the B-glass might cause possible distortion. Stock sizes 
should be ordered, if possible, to ensure lower costs and quicker 
delivery. Complete filter characteristics and available sizes and 
shapes are described in the Eastman booklet, “Wratten Light 
Filters,^' obtainable from many dealers in photographic supplies 
or directly from the Eastman Kodak Company at Rochester. 

Glass Filters. Colored-glass filters may be obtained from the 




368 INDUSTRIAL ELECTRONIC CONTROL 

Coming Glass Works at Corning, N.Y., and are described in 
detail in their catalogue, “Glass Color Filters.” As the coloring 
matter in the glass filter is within the glass itself, the density of 
the filter depends on the glass thickness, and, therefore, this 
must be specified in ordering. Stock thicknesses should be used 
whenever possible. 

These glass filters may be obtained in either the molded or the 
polished form. Generally, the polished form shoulil be used at 
the light source because of its lower losses and minimum distor¬ 
tion. The less expensive molded type is .suitable for mounting 
directly in front of the phototube where a small amount of light 
diffusion is not objectional)lc. 
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CLOSED-CYCLE OR REGULATING SYSTEMS 

Vectors and Complex Algebra. Vectors iiiiiy he descrihed in 
two ways: 

1 . By coordinates in the complex (also called the imaginary 
or j) plane; hy the rent component, positive east and negative 



(a) (b) (c) 



Fk;. VI.1. VetJior arithmetic. 


west, and the j, or imaginary component, positive north and 
negative south. In Fig. VI.la one vector is described as 4 + 3./ 
and the other, --3 + 4j. The length of each is -^32 +42 5 . 

2. By the polar form which gives the length and the angle 
with respect to a reference direction, usually east, the positive 
real axis. Counterclockwise angles are considered positive (which 
means that lag angles should be shown negative in a rigorous 
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solution). The two vectors of Fig. VI.la are 5 /37 °( = tan“^ 
and 5 /127^ or 5 / —253^, if we were dealing in negative angles. 

A vector in one form may be converted to the other by simple 
trigonometry. 

Complex form: A + jll A = D cos a 

Length: B = D sin a 

Angle: tan“i B/A = a 

Addition and Subtraction of Vectors. Addition is accomplished 
by adding the real and j parts separately. For example, in 
Fig. VI. 16 we see that (4 + i3) + ( —3 + j4) = 1 + j7. To sub¬ 
tract, reverse the signs of the subtrahend and add. For example, a.s 
in Fig.VI.k, (4 + j3) — ( —3+j4) = 4 + j3 + 3 — j4 =7-~j. 

Multiplication and Division. These op)erations are best done in 
the polar form (as in the Bode attenuation curves). To multiply, 
we multiply the lengths and add the angles. To divide, we divide 
the lengths and subtract the angles. (Adding or subtracting 
logarithms or decibels is, of course, the same thing as multiply¬ 
ing or dividing.) However, these operations can also be done 
in the complex form if desired. 

Vector Multiplication. For example, let us multiply the two 
v(‘ct()rs of Fig. VI.la. 

Polar form: 


5 37° X 5/127° = 25 1G4° 


Complex form: 

(4-fj3)(-3+j4) = -12+jl() -j9~12 
= -24+J7 

V24- + 7“ /tair ^ - 7 2 4 = 25/104° 

(H<*menib(*r that j =\/—1 so f = —1) 

This is rejues<*nted graphically in Fig. Vl.b/. 

N’ector Division. For an example of division let us take a 
simple inversion such as 

- —;—r- or ^r-77i^6‘ The pohir form is obviously 0.2 —37'' 

4 + .;3 7)/3/ °_ ‘ - 


In complex form 

1 ^ _ 4 - ./3 

4+]3 (4+;/3) (4- 


4-j3 


= 0.10 -70.12 


./3) 10 + 0 

VO.KF -f 0;i2- /tan 'j-0.12 /0.10 = 0.2/ - 37/ 
This is represented graphically in Fig. VLlc. 
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Transfer Function of a D-C Motor. Tlie separately excited 
d-c motor with adjustable armature voltage is one of our most 
flexible, efficient, and compact means for converting electrical to 



Fk;. V'1.2. Ix atl and net¬ 
works with transfer fuiuMions. 




eo ^ _K^ 
-1 * ju; 



1 


K.K, 


(c) 


Fi<i.\d.3. Means fur ohtainiiiK mt^elian- 
ical motion, (n) D-e motor; (//) hy- 
(Iraulie piston; (e) hydraulic positioner 
or servo. 


mechanical energy and is often found in electromechanical regu¬ 
lating systems. The most important lag in such a system element 
is the response of the mechanical inertia of the motor armature 
and load to the motor torque due to the reaction of armature 
current and motor field. The motor .system element is indicated 
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in Fig. VL3, and it« transfor fun(di<)n may be expressed as follows: 


.S 1 


ei Kr{l + jo)T 

wh(*ro S = motor speed, radians/sec 
Cl = input voltage 

= motor baek-emf constant, volts radian/sec 
T = motor time constant 

tn 

'I'liis indicates tluit tlie motor acts as a simple lag network with 
a time constant T,„. ^\'e have negk'cted the armature circuit 

inductance lag and others which are too small to seriously affect 
the transfer function in the critical frequency range. 

T„, may be found from the following formula: 


where .7 


R 

K, 

K. 

Howev('r, 


when* ./i 


R 

I 

(sr 

V 

HR 


r 


m 


Jli^ 

~K~k, 


= in(‘rtia of armatun* and load, referred to armature 
shaft, slugs 

= r(‘sistance of armature circuit, ohms 
= motor back-emf constant as above 
= motor toixpie constant, lb ft amp 
in more easily obtained constants 
J' X U MN')- 
r X UP 


T 


X 4.31 X 10 9 sec 


= armature and load inertia, lb-in.- 

(taken from manufacturer’s tables or computed) 
— armature circuit resistance, ohms 
(nu'asured directly or computed; 

= rated armature full load, amp 
(from motor nameplate) 

= rated motor revolutions/min, squared 
(from motor nameplate aiul squannl) 

= l)ack-(*mf volts at rated speed 

(nameplate rated applied volts — PI drop) 

= motor hors(*povver rating 
(from motor nameplate) 


Hydraulic-element Transfer Fimction. Hydraulic drives for 
short, straight motions are often used because of the simplicity 



374 


INDUSTRIAL ELECTRONIC CONTROL 


of the action and the low inertia of the single moving part. 
Assuming negligible inertia, reduction in oil flow due to loading, 
compressibility, etc., we can say that the piston movement is 
proportional to the change in oil volume in the cylinder and the 
rate of oil flow is proportional to the valve opening. (See Fig. 
VI.36.) 


Hence 


Co _/viA'i 

Cl 


where Ki = flow of oil, cu in./sec per in. of valve opening 

K 2 = piston movement per cu in. of oil (inverse area) 

This function is that of an integrating element with no internal 
lags. 

Hydraulic Positioner. This action is similar to the one abov(» 
except that the piston and valve are linked together so that 
the piston motion tends to close the valve. The transfer function 
becomes (see Fig. VI.3c) 


Co __ u + 6 1 

Cl a 1 + i(t)T 

where T = 

A 1 A 2 

This indicates a servo system having a lag corner at K 1 K 2 
radians/sec. 

Bode-diagram Phase-shift Ruler. I'his is a rul(*r for deter¬ 
mining the total pha.se shift at any frequency from the Ho(h' 
attenuation curve for a minimum phase-shift network. 

Lay out the ruler scale on stiff cardboard as follows: 

1 . Place an index mark at the ruler center, and lay the rul(‘r 
on the semilog paper used for the Bode attenuation diagram 
parallel to the abscissa frequency scale so that the index falls on 
one of the decade graduations. Call this point g)^. The iK'xt 
higher decade graduation is lOwx and the next lower is Id, 
etc. (see Fig. VI.4a). 




Index 

90* C Type I Sysf-em) *■ 86 " (CU/) - 63"(a/ 2 ) * 2 X /4" ( 0 ) 3 , 6 /^)- 143“ Uq UfK 

Fio. VI.4. The phase-shift ruler, (a) Construction; (6) example of application. 











La^ Anqie 


376 


INDUSTRIAL ELECTRONIC CONTROL 



Fig. VI.5. Alignment chart for finding M or F/D. Place a .straightedge to 
cut length of F and the lag angle. Head M, 
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2 . Plot graduations on the ruler according to the following 
tabulation: 



D.-g f 


Deg 


Deg 

57.3 

1 

1.73 

30 

0.36 

70 

28.6 

2 

1.43 

35 

0.27 

75 

19.1 

3 

1.19 

40 i 

0.16 

80 

11.4 

5 

1.0 

45 1 

0.088 

85 

5.67 

10 

0.84 

50 i 

0.052 

87 

3.73 

15 i 

0.70 

55 

i 0.035 

88 

2.75 

20 

0.58 

60 

0.018 

89 

2.14 

25 j 

0.47 

65 

'1 



3 . This scale gives the effect of a corner on the lag angle at 
the frequency of the index point. The sum of the effects of all 
corners is the toti\\ angle at that index point. A number of such 
points may be determined to plot the total lag curve in the region 
of interest, usually near 0 db on the attenuation curve. 

4 . The db correction to be applied to the approximate straight- 
line attenuation curve resulting from the cumulative effect of 
nearby corners may also be drawn on the ruler following this 
tabulation (see Fig. \T.4rt): 

m/mx Decibels (db) 

0.17 and 6.0 0.1 

0.27 and 3.7 0.3 

0.34 and 2.9 0.5 

0.51 and 2.0 1.0 

0.64 and 1.57 1.5 

0.76 and 1.31 2.0 

0.88 and 1.14 2.5 

1.0 3.0 

6 . The ruler is accurate only for the frequency-scale graduations 
on which it was constructed. If differently graduated paper is 
used, a new ruler can be made up with the aid of the above tables 
in a few minutes. 

Example: 

To determine the total lag angle for w* == 6 for the Bode attentuation 
curve of Fig. VI.46, place the index at w = 6. Note that this is a Type 1 
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system having an initial —1 slope. There is a lag corner at 0.2, a lead 
corner at 3, and a double lag corner at 24. Calculate the total lag angle 
as follows (either mentally or on scratch paper); 90 deg due to the initial 
— 1 slope, plus 88 deg due to the corner at 0.2, minus 63 deg due to the lead 
corner at 3, plus 2 times 14 deg or 28 deg due to the double lag corner at 
24, or a total lag angle of 143 deg at w = 6. (The small arrows may be 
used to help remind one of the direction and number of corners at each 
frequency.) 

The db correction can also be computed quickly. Only two corners 
require much correction; 1 db up for the 3 corner, and 2 times 0.3 or 0.6 
down for the 24 corner. Hence, the true curve lies about 0.4 db above the 
straight line at w = 6. 



F'lo. VI.6. .\lignment chart to find the angle a by which F lags I), 



INDEX 


A 

A-c bridges, 175 
in an instrument, 303 
A-c on inductande, 97 
A-c motors, controlled, 112 
Alignm(int charts, for angle between 
F and D, 378 
for Mf or F/D ratio, 376 
for parallel elements, 343 
for phase-shift circuit, 349 
for reactance, capacitive, 347 
inductive, 345 
for resistance, 342 
Amplidyne, electronic, 262 
Amplification factor, 49 
Am[)lifiers, electronic, 145 
Class A, 145 
Class B, push-pull, 146 
Class C, 147 
dir<;ct-couplod, 148 
long-tailed pair, 148 
operated on a-c, 154 
magnetic, 109 

Analogies, electromagnetic, 3 
Anode, 15 

Apertures, optical, 361 
Attenuation circuit for long-tailed 
pair, 149 

Atteiiuation diagram, 222 

(See also Bode attenuation dia¬ 
gram), 

of single-system element, 223'-224 


B 

Ballast tube, 33 
Barretter, 33 

Batteries, as circuit elements, 110 
Beam tubes, 56 

Beta, or feedback circuit, 210 
Bias cell, Mallory, 155 
Binary counting circuits, 164 
Bisected-square rectifier, 176 
Bode attenuation diagram, 222 
phase-shift curve, 225 
Bombardment, positive ion, of cath¬ 
ode, 26 

C 

Cabled wiring, 247 
Capacilog recording and control in¬ 
strument, 298 
Capacitance, 85 

Capacitance and inductance, 120 
effect of frequency on, 121 
in parallel, 122 
with rectifier, 124 

Capacitive reactance, alignment chart, 
for, 347 
Capacitors, 85 
color code for, 338 
currents on sine wave, 87 
electrolytic, 88 
energy storage in, 86 
sizes, 90 
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Capacity relay, Capacilog, 298 
Dynalog, 303 

Cathode, bombardment of, 26 
directly and indirectly heated, 10 
materials for, 12 
mercury-pool, 14 
phototube, 13 
sheath for, 23 

Cathode-ray oscillograph, 39 
typical wave shapes, 81 
Cathode-ray tube, 37 
Characteristic curves, triode, 49-50 
Chokes, inductive reactors, 100 
Clamping circuits, 169 
Cold-cathode tubes, 31 
Color code for resistors and capaci¬ 
tors, 338 

Comparative instrument readings, 81 
Condensers (see Capacitors) 
Conditionally stable systems, 219 
Constant-current tube, 33 
Constant-voltage reference source, 31 
Contact potentials, 20 
Contactors, ignitron, 189 
Counting circuits, binary, 164 

count of five by energy storage, 166 
three or more, 165 

Coupling for amplifier stages, capaci¬ 
tor, 150 
cathode, 150 
direct, 148 
transformer, 152 
Crystal rectifiers, 113 
Current transformers, split-primary, 
188 

D 

D'Arsonval instruments, 77 
D-c motors, shunt, as circuit com¬ 
ponents, 110 
transfer function, 372 
Decoupling means, 153 
Degeneration, 192 


Designations, tube, 69 
industrial-tube, 70 
Detectors, crystal, 113 
Diagrams, wiring, elementary, 243 
layout, 244 
signal tracing, 245 
wireless, 246 
Dielectric heating, 200 
Dielectrics, typical for cai)aeitor, 90 
Diffuse reflection, 363 
Diode rectifier tube, 17 
Discharge curve for capacitor, 157 
Discriminators, FM, 140 

Selsyn, for position indication, 141 
Divider, voltage, 143 


V) 

Electrolytic capacitors, 88 

Elementary diagrams, 243 

Electrons, 9 

Emission, cathode, used for regula¬ 
tion, 327 

Energy exchange between capaci¬ 
tance and inductance, 94 

Energy storage, in capacitors, 86 
in inductance, 93 

Equations for regulating systems, 211 

Equivalent circuits, pliotron, 2 
thyratron, 3 

Exponential charge or di8charg(‘ 
curve, 353 


F 

Feedback, or beta, circuit, 210 

to compensate for subsequent lag, 
236 

U) eliminate a time constant, 234 
frequency sensitive, 234 
signal, F\ 215 
Filament, 11 
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Filters (electrical), inverted-L, 142 
pi, 142 

resonant, 143 

Filters (light and color), 364 
light-transmission curves, 366, 367 
Fluorescent indicator tube, 35 
Forward, or mu, circuit, 209 
Four-phase rectiher, 136 
P'reewheeling circuit, 119 
F'undamental electrical law, 9 

G 

Gas-filled diode, 22 
Gas filling, drawbacks of, 24 
hydrogen, 25 

Gating circuits, parallel, 171 
series, 170 

Graphical symbols of electrical de¬ 
vices, 335 
Grid, screen, 53 
shield, 63 
suppressor, 55 
Grid construction, 47 
Grid-control rectifier ti(*, 187 
Grid-controlled vacuum tubes, 45 
triodes, 46 

H 

High-fr(*quency heating, 199 
Hot-wire instrument, 79 
Hunting in closed-cycle systems, 217 
Hydraulic-c'lement transfer function, 
373 

Hydrogen gas filling, 25 

I 

Ignitron, 29 
contactor, 189 

static, magnetic firing circuit, 185 
Impedance, series transformer, 188 
Incandescent light, phototube re¬ 
sponse, 357 


Inductance, on a-c with rectifier, 100 
current, wave forms, 100 
on a-c, 97 
steady-state, 99 
on d-c, 93 

Induction heating, 199 
Inductive reactance alignment chart, 
345 

Initial velocities of electrons, 20 
Instrument circuits, Capacilog, 298 
Dynalog, 303 

Instruments, d’Arsonval, 77 
electrical, 77 
electronic, 80 
hot-wire, 79 
rectifier, 79 
rms, 78 

thermocouple, 79 

Intermittant action in a regulating 
system, 237 

Interphase transformer, 135 
Inverters, thyratron, 197 
Iron cores, 96 
saturation, 96 

J 

JAN tubes, 68 

K 

Kenotron, 17 
Klystrons, 41 
reflex, 42 

L 

I^g network, 232 
Lead network, 23 
Lenses, 360 
focal length, 361 
two-lens system, 362 
Light filt-ers, 364 

Light sources for phototubes, 361 
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Lighthouse tubes, 48 
Long-tailed pair amplifier, 149 
attenuation circuit, 149 

M 

M circles for F/D ratio determina¬ 
tion, 217 

Magic-<»ye tube, 35 
Magnetic amplifiers, 109 
Magnetic control of tubes, 40 
Magnetic-impulse firing circuit for 
ignitrons, 185 

Magnetically defiectt'd beams for con¬ 
trol, 44 

Magnetrons, multicavity, 41 
Mallory bias cell, 155 
mercury battery, 155 
Mercury-arc rectifier, 28 
Mercury-pool cathcHb*, 14 
Minimum-phase-shift network, 222 
Mirrors, 358 

Motor, d-c, transfer function, 371 
Motor control, a-c, by invcTse-parallel 
thyratrons, 2t)4 
a-c split-field, 291 
a-c threading speed, 112 
d-c, electronic amplidyne, 202 
speed control, 257 
Thymotrol, 266 
VSC drive, 263 

Mu, /bt, tube amplification factor, 49 
regulating system, forward circuit, 
209 

Multicavity magnetron, 41 
Multiphase, full-wave rectifier, 136 
Multiple feedback loops, 237 
Multiplier phototube, 35 
Multivibrator, 161 
synchronizing means, 163 


N 

Negativtj transconductance oscillator, 
197 

Networks, lag, integrating, 232 
lead, differentiating, 231 
notch, 233 

Neutral zone in a regulating system, 
237 

Nonlinear circuit elements, 112 
Nyquist approach, 213 

O 

Octal base, 68 

Ohm’s law alignment chart, 341 
Optical sys!(‘ms, 357 
Oscillator, closed-cycle system, 212 
energy transfer in, 122 
negative transconduc^tance, 197 
parall(4-T, 197 
radio-fre(iuency, 195 
relaxation, 160 
resist ance-capacitanc(‘, 196 
Oscillograph, oscilloscope', (‘athode- 
ray, 39 

Ovt'rshoot and hunting, in regulator, 
217 

P 

Parall(‘l-T oscillator, 197 
Peaking transfornu'r, 105 

in series transformer switching cir¬ 
cuit, 185 

in timing circuit, 184 
Pentodes, 55 
Phanotron, 22 

Phase-shift circuit, alignment chart, 
349 

bisected rectifier square, 176 
capacity change, 176 
with halfwave pliotron, 182 
inductance changes, 177 
with inverse-parallel pliotron and 
kenotron, 181 
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Phase-shift circuit, quadrature phjise 
shift and d-c voltage change, 179 
ruler for Bode diagram, 374 
by saturable reactor, 177 
by Selsyn, 178 
semicircle for vectors, 175 
series pliotron and kerjotron, 182 
for three-phase po\v(‘r source, 177 
Photoelectric circuits, a-c with plio¬ 
tron, 282 

a-c with thyratron, 284 
balanced, 251 
d-c, 248 

highly sensitive, 254 
Phototube, cathod(‘, 13 
gas-fill(‘d, 33 
multiplier type, 35 
spectral responsi*, 35?) 

Picture tube for t(‘levision, 40 
PUisma in gas-fill(‘d tul)e, 23 
Plate charact(‘ristic curv(‘ for triode, 
51 

Positive ion bombardment, 20 
Preferred series tul)(.‘s, 08 
Prisms, 359 
Pulsation welds, 310 
Pulse-forming circuit, 108 

Q 

Quadrature phase shift and variable 
d-c voltage phtiseshifl, 179 

R 

Radiation of light energy, 358 
Reactor, saturable, 100 
shapes and forms, 1(K) 

Rectifier, electronic tub(‘ is a, 7 
instruments, 79 
mercury-arc, 28 

Rectifier circuits, diametric, full-wave, 
132 


Rectifier circuits, four-phase, 136 
from oscillator, 139 
six-phase, double-way, 137 
star, 135 

from television horizontal sweep, 
139 

thrcH'-phase, wye, 134 
vol t ag(?-doubler, 137 
Red line of industrial tub(‘s, 00 
Ref(‘r(‘nce, constant, voltage* supply, 
31 

References (bibliograf)hical), Sec. 1,72 
Sec. II, 126 
Sec. Ill, 203 
Sec. IV, 233 
Sec. V, 331 
Regeneration, 193 

Register r(‘gulator for winder control, 
290 

Regulating systems, closed-cycle con¬ 
trol, 209 
equations, 211 
R(‘laxation oscillator, 100 
Residual magnetism, 105 
Resistance and capacitance, in paral¬ 
lel, 116 

with rectifier, 117 
in series, 115 

Resistance welder controls, curri'iit 
regulator, 323 
phjise shift, 319 
st*quence control, 3Hi 
weld timing control, a-c, 319 
d-c, 312 

R(\sistor-capacitor discharge* curve*, 
157 

Resistor color code, 338 
Resistor sizes, 83 
Rms instruments, 78 
Ruler, Bode phas(*-shift, 374 

S 

Saturable reactor, 106 
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Saturable realtor, power <rircuit for 
lighting, etc., 286 
Saturation, transformer, 104 
Screen grid, 53 
Screen-grid tube, 52 
Secondary emission tul>es, 35 
Series impedance transformers, 188 
Shaping, wave, 167 
Sheath, cathode and anode, 23 
Shield-grid th 3 Tatron, t)3 
Shunting tube, 119 
Sine curve, 351 

Single-phase rectifiers, bridge*, 133 
full-wave, 132 
half-wave, 132 

Single-system eleme‘nt attenuation 
curves, 223 

Six-phase rectifier, 135 
Space charge, 18 

Spectral response of phototube* cath¬ 
odes, 355 

Specular reflection, 363 
Stability criteria. Bode, 228 
Nyquist, 217 

Stabilizing transformer, 238 
Star rectifier, six-phase, 135 
Switch, electronic, on a-c, 275 
Switching circuit using serit*s trans¬ 
formers, 185 

Synchronizing means for multivi¬ 
brators, 163 


T 

Tachometer control, for DT3 speed 
regulator, 260 
as feedback element, 235 
for Thymotrol, 273 
Temperature effects on thyratrons, 62 
Tetrode, screen-grid tube, 52 
Thermionic tubes, 8 
Threading-speed control for a-c mo¬ 
tors, 112 


Three-phase n^etifier, 134 
Three-wire operation of rectifier, 136 
Thymotrol, control circuits, 270 
current limit, 271 
field control, 271 
power circuits, 268 
Thyratrons, 60 
construction, 62 
grid action, 61 
inverters, 197 
shield grid, 63 

Thy rite as a circuit element, 112 
Ti(‘, grid-control rectifier, 187 
Time constant, of capacitance-resist¬ 
ance m^twork, 158 
curve of relative values, 353 
of resistance-inductance network, 
160 

Timer, electronic, adjustable bias, 277 
adjustable resistor, 279 
Timing-circuit variations and accu¬ 
racy, 159 

Transconductanc(;, 49 
Transfer (characteristic curv(*s, 50 
Transf(*r function for r(‘gulating sys¬ 
tem, parallel elem(*nts, 234 
series elements, 225 
typical elements, 372 
Transformers, 102 
peaking, 105 
saturation, 104 

si'condary volts and current, 102 
series impc^dance (‘hunent, 188 
stabilizing, 238 
Triangle, Nyquist v(‘ctor, 214 
alignment chart, 230 
Triodes, vacuum, 46 
Tubes, mechanical construction, 60 
{See also specific type of tube) 
Type 0 regulating systc'm, 215 
Type 1, 215 

on Bode diagram, 228 
Type 2, 216 

on Bode diagram, 228 
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U 

Unstable regulating or closed-loop 
system, 219 

V 

Vacuum triode, 40 

Variations in r(‘sistancc-capacitanc<‘ 
timing circuit, 159 
Vector arithmetic, 370 
current, scries, 174 
multiplication, 220 
voltage, parallel, 173 
Voltage divider, 143 
Voltage doubler, 137 


Voltage doubler, multistage, 138 
Voltage-regulator tube, 30 

W 

Wave-shaping circuits, 167 
Welder controls, resistance, 308, 316 
Winder control register regulator, 296 
Wye recliOer, 134 

Z 

Zero frequency response, Type 0 sys¬ 
tem, 215 

Type 1 system, 215 
Type 2 system, 216 
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